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Abstract 

This dissertation reports structural and speciation investigations of simulated and genuine 

nuclear wastes. Chapters 4 and 5 emphasize on the very first application of the bulk U, Np and 

Pu M4,5 absorption edge high-energy resolution X-ray absorption near edge structure 

(HR-XANES) method for characterization of U, Np and Pu oxidation states in model and genuine 

nuclear waste glasses and spent nuclear fuel (SNF). Chapters 6 and 7 address volatilization and 

precipitation challenges occurring during vitrification of fission products (FP) like Cs, Tc, Ru 

and Pd. Various approaches are discussed and potential solutions are proposed.  

Chapter 4.1 describes the results from the studies of Pu doped borosilicate glasses. Pu(III), 

Pu(IV) and Pu(VI) are for the first time characterized simultaneously present in a borosilicate 

glass using Pu M5 edge HR-XANES. It is illustrated that the method can be very efficiently used 

to determine Pu oxidation states which control the solubility limit of Pu in a glass matrix. 

HR-XANES results show that the addition of excess Si3N4 is not sufficient for complete 

reduction of Pu to Pu(III) which has a relatively high solubility limit (10-25 wt% PuO2) due to 

its network-modifying behavior in glasses. It is provided evidences that the initially added 

Pu(VI) is partly preserved during vitrification at 1200/1400 °C in Ar atmosphere. Pu(VI) could 

be very advantageous for immobilization of Pu rich wastes since from U(VI) vitrification a 

possible glass solubility limit of up to 40 wt% can be deduced. 

Chapter 4.2 reports the characterization and the structural differences between U, Np and Pu 

doped model and genuine nuclear waste glasses. The U, Np and Pu M4,5 edge HR-XANES reveals 

predominant U(VI) and Pu(IV) species in all glasses. But ordered structures involving U, O and 

likely Si are found only in the genuine waste glass by U L3 EXAFS analyses. Strong synchrotron 

X-ray induced radiation damage leading to reduction of U(VI) to U(IV) is detected also only for 

the genuine waste glass by U M4 HR-XANES. This effect might be related to differences in the 

radioactivity and/or the local atomic U environments in the model and the waste glasses. It 

might be explained with transfer of electronic charge to U from binding ligands and/or free 

charges as well as possible U reactions with radicals or charged species. Such reduction of U 

and potentially other An elements might be inducible by α, β and/or γ irradiation processes on 

a long-time scale and are hence of relevance for the An speciation in HLW glasses stored in an 

underground repository.  

Chapter 5 discusses the speciation of U and Pu in commercial and special irradiated high 

burn-up SNF samples as well as of unirradiated UO2 reference materials. The bulk sensitivity 

of the An M4,5 edge HR-XANES technique is unambiguously demonstrated, whereas X-ray 
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photoelectron spectroscopy (XPS) is sensitive only to species formed on the surface. The U M4,5 

HR-XANES method can clearly distinguish between U(IV) and U(V) as well as Pu(IV) and 

Pu(V)/Pu(VI), which is not always possible with the conventional U and Pu L3 XANES. U(IV) 

and U(V) likely in the form of U4O9 are found in the two commercial SNF samples. It is shown 

that the U oxidation continues in ambient conditions as a function of time due to the small 

particle size of the samples. No phase transformation from UO2 to U3O8 or UO3 is observed for 

any of the studied SNF samples. The special irradiated high burn-up sample stored in 

atmosphere with ca. 1% O2 for 20 years has only very minor amount of U(V) which illustrates 

its high stability against oxidation being advantageous in case of a potential cladding failure 

scenario for example in extended interim storage. For the first time it is demonstrated that 

along Pu(IV) also Pu(VI) is present in the bulk of presumably all SNF samples. This Pu(VI) is 

unlikely formed by oxidation in air but rather is a result of the neutron absorption and 

subsequent nuclear reactions.  

Chapter 6 reports studies of HLW residual materials from a reprocessing and a vitrification 

plant. They are simulated and the formed compounds are characterized as well as possible host 

matrices for their immobilization are reviewed. The challenge of Cs and Tc volatilization loss 

is addressed by careful selection of immobilization processes, i.e., addition of reducing agent 

and application of host matrices with low melting temperature. A selection of suitable 

immobilization materials is made with regard to minimized FP volatilization behavior. 

Potential leaching performance is discussed considering composition and macroscopic 

appearance of the synthesized samples.  

Chapter 7 presents insights obtained from the X-ray CT in-situ study of a vitrification process 

with emphasize on the precipitation of noble metal particles (NMP) which are known to cause 

severe problems in industrial vitrification processes in form of drain plugging and 

short-circuits. Results indicate the formation of the particles at 600-700 °C in the lower part of 

the cold-cap. An exceptional large precipitated specie is observed and described. Its formation 

might have an impact on the NMPs sedimentation behavior. For the first time, in-situ tracking 

of their movement in a glass melt is reported. The designed setup has the potential to 

unambiguously reveal the highly debated NMP sedimentation mechanism. Two 

counter-measures on the particles formation are tested. The use of glass powder instead of 

glass beads and the addition of 1 wt% Si as reducing agent decreased the NMP precipitation by 

40% and 30%, respectively, and simultaneously retain Re used as a surrogate of Tc by a factor 

of 2-3.  
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Zusammenfassung 

Die vorliegende Dissertation beschreibt makroskopische und mikroskopische 

Untersuchungen von simulierten und tatsächlichen radioaktiven Abfallformen mit dem Ziel zu 

deren sicherer Zwischen- und Endlagerung beizutragen.  

Dabei konzentriert sich der erste Teil der Arbeit auf die erstmalige Anwendung einer 

synchrotronbasierten Röntgenabsorptionsspektroskopie mit hoher Energieauflösung 

(HR-XANES) zur Aufklärung von U, Np und Pu Oxidationszuständen und deren lokaler 

Umgebungsstruktur in simulierten und tatsächlichen radioaktiven Abfallgläsern sowie in 

abgebranntem Kernbrennstoff. Mithilfe der beschriebenen Methode wird dabei in einem 

hochdotierten Pu Borosilikatglas-System zum ersten Mal die simultane Präsenz von Pu(III), 

Pu(IV) und Pu(VI) nachgewiesen. Der Einfluss des eingesetzten Reduktionsmittels auf die Pu 

Speziation wird diskutiert und deren Relevanz auf die Pu Löslichkeitsgrenze in Glas wird 

hervorgehoben. Mittels HR-XANES Untersuchungen an einem radioaktiven Abfallglas aus der 

Produktion einer industriellen Verglasungsanlage, werden die Actiniden U und Pu 

überwiegend in ihren hexa- bzw. tetravalenten Oxidationsstufen identifiziert, wohingegen Np 

vermutlich als Mischung seiner tetra- und pentavalenten Spezies vorliegt. Bei den Analysen 

wird ein durch die synchrotronbasierte Röntgenstrahlung induzierter, signifikanter U 

Reduktionsprozess beobachtet. Dieser kann auf die ausgeprägte radioaktive Natur des 

Materials zurückgeführt werden. Es wird vermutet, dass dieser Effekt eine Relevanz für die 

Langzeit-Actinidenspeziation in Abfallgläsern besitzt. 

Der zweite Teil der Arbeit beschäftigt sich mit Herausforderungen, die bei der Verglasung von 

Spaltproduktlösungen auftreten. So wurden im Zuge der Reststoffproblematik in einer 

Wiederaufarbeitungs- und Verglasungsanlage mögliche Reststoffe simuliert, identifiziert 

sowie verschiedene Herangehensweisen zu deren Immobilisierung vorgeschlagen und auf ihre 

Tauglichkeit hin überprüft. Kriterien hierbei sind die Flüchtigkeit der Spaltprodukte Cs und Tc, 

sowie die Eignung der Immobilisierungsprodukte zur Endlagerung aufgrund einer 

ausreichenden Korrosionsbeständigkeit.  

Zuletzt wird der Einsatz einer neuartigen in-situ Röntgentomographie-Methode zur 

Aufklärung von Bildungs- und Sedimentationsprozessen von Edelmetallpartikeln 

demonstriert. Diese Partikel, die bei der Verglasung von Flüssigabfällen aus der 

Wiederaufbereitung von abgebranntem Kernbrennstoff auftreten, sind in der Lage, 

schwerwiegende Probleme bei der Prozessführung zu verursachen. Zwei 

erfolgsversprechende Maßnahmen, die die Bildung dieser Partikel reduzieren, konnten 

zielführend getestet werden.  
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1. Introduction and aims 

Detailed characterization of the mechanical, physical and chemical properties of nuclear waste 

is essential to understand how it interacts with the environment. Almost all high-level 

radioactive waste (HLW) is present as either vitrified waste from reprocessing residues or 

spent nuclear fuel. Such waste forms account for approximately 95% of the total radioactivity 

produced in the process of electricity generation,1, 2 emphasizing the necessity for extensive 

knowledge about their properties and behavior in storage conditions. 

Most disposal strategies envisage disposal of nuclear waste in a deep geological rock formation 

comprising a multi-barrier system in which the waste matrix is the innermost barrier.3 In case 

of ground water intrusion the waste will come to contact with water and potential corrosion, 

dissolution and precipitation processes will be initiated. The release of toxic radionuclides 

depends mainly on the nature of the waste material and the given leaching conditions 

(cf. Section 2.1). Due to their long half-life and their α-radiotoxicity the actinide elements (An) 

are of great concern with respect to their intermediate storage and disposal for thousands of 

years.  

The use of advanced sensitive techniques enables comprehensive characterization of waste 

materials. Standard laboratory based microscopic and spectroscopic techniques such as light 

and electron microscopy, Raman spectroscopy, Infrared spectroscopy (IR), ultraviolet-visible 

spectroscopy (UV-Vis), X-ray diffraction (XRD), inductively coupled plasma atomic absorption 

and emission spectroscopy (ICP-AAS/OES) and mass spectroscopy (MS) provide a solid base 

for macroscopic and microscopic characterization of HLW materials. Their potential for 

speciation analyses, especially for amorphous matrices such as waste glass, is however limited. 

Precise characterization of the An’s oxidation states in the waste forms is of importance for 

predicting their properties, evolution and finally the interaction with the environment.4 The 

X-ray photoelectron spectroscopy (XPS) spectroscopy is often applied since it is able to identify 

the oxidation states of the An elements. However, requirements such as vacuum conditions and 

a clean sample surface are prerequisites for this method which cannot be always fulfilled for 

radioactive materials. In addition, only the surface of the material is probed with a maximum 

depth of 10 nm. This part of the sample is not necessarily representative for the bulk of the 

probed material.  

Synchrotron-based techniques are well suited for investigations of HLW materials.5 XANES and 

EXAFS spectroscopy methods enable the electronic and structural characterization of the 

elements of interest. They are sensitive to the local atomic environment of the absorbing atom 
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and do not require long range order in the material as for example X-ray diffraction. 

Heterogeneous materials can be investigated with high spatial resolution by combining 

spectroscopy and microscopy. The X-ray absorption (XAS) techniques are described in detail 

in Section 2.2.  

The An M4,5 HR-XANES technique has not been yet extensively applied for speciation 

investigations of An elements. This bulk method has high sensitivity to minor contributions of 

several An oxidation states present in the same material.6 Herein, it has been used for the first 

time for characterization of three different Pu oxidation states mixed in the same glass. The 

experiments are performed in a He atmosphere and ambient pressure; no special sample 

preparation is required. These advantages make the technique a valuable tool for oxidation 

states characterization of An elements being constituents of HLW materials 

(cf. Section 4 and 5).  

In the context of HLW conditioning several other challenges can be addressed using 

microscopic and spectroscopic techniques. X-ray radiation is used for generation of 3D 

tomographic images. Prof. T. Yano from TIT University, Tokyo, developed a setup enabling the 

in-situ observation of a vitrification process.7 This tool is applied to trace formation and 

sedimentation of platinum group metals (PGM) in molten borosilicate glass (cf. Section 7). As 

most waste streams contain considerable amounts of PGMs they are of great concern when 

vitrifying high level liquid waste (HLLW) generated during spent nuclear fuel (SNF) 

reprocessing in a Joule-heated ceramic melter (JHCM).8 They form immiscible separated 

phases in the glass melt depositing on the bottom of the glass pool where they form a highly 

viscous sludge causing severe processing problems. The deposits can plug the melters’ drains 

and interfere with the heating mechanism which leads in the worst case to an outage of the 

vitrification facility. The formation and deposition mechanisms of the PGM particles in the glass 

melters are not yet understood and still debated.9 

Another object of concern in industrial vitrification processes are volatile fission product (FP) 

elements such as Cs and Tc. They are released from the glass melt and accumulate in the 

exhaust process components as for example in the Reprocessing and Vitrification Facility 

Karlsruhe (WAK and VEK).10 Both Cs and Tc represent a predominant part of the radioactivity 

of the collected residual waste stemming mainly from scrubbing solution concentrates. A 

second type of material has also remained from the reprocessing activities of the WAK. Mo, Cs 

and Zr rich precipitates are deposited on the bottom of HLLW storage tanks exhibiting 

enormous radioactivity contents. The analysis and handling of this residual material is a 

challenge for the upcoming decontamination and dismantling activities of the facility due to 
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the intense radiation fields. Tailored conditioning strategies have to be developed for their safe 

and reliable immobilization (cf. Section 6). 

The main aims of this doctoral project are: 

1) To develop and demonstrate the feasibility of an experimental procedure for the 

preparation of HLW samples and their investigation by An M4,5 edge HR-XANES and An 

L3 edge EXAFS spectroscopy techniques (cf. Section 4.1.1, 4.2.1 and 5.1). 

2) To characterize genuine HLW materials from industrial processes such as SNF and 

nuclear waste glass with regard to the An speciation, e.g., the U, Pu and Np oxidation 

states and local atomic structure with emphasis on the application of the An M4,5 edge 

HR-XANES technique; to prepare reference systems like series of UO2 samples and U 

and Pu doped model glasses with the same base glass composition as a genuine nuclear 

waste and to compare their structural properties with the complex system. The 

relevance of the obtained results for conditioning, storage and disposal of HLW will be 

discussed (cf. Section ). 

3) To simulate and characterize residual materials from industrial reprocessing and 

vitrification processes. Suitable immobilization conditions for retention of the volatile 

Cs and Tc will be considered and experimentally reviewed (cf. Section 6).  

4) To investigate the formation and sedimentation behavior of PGM particles in a liquid 

glass melt by X-ray CT and other techniques. Based on the results several 

countermeasures will be experimentally reviewed (cf. Section 7).  

 

The thesis in hand is structured as follows:  

Section 2 reports the background of the work with regard to high level waste forms and 

general aspects of nuclear waste management. 

Section 3 describes experimental methods and techniques as well as sample preparation 

procedures. 

Section 4 provides results obtained for the chemical state of An in vitrified waste glass. 

Section 5 shows results of SNF characterization using high-energy resolution X-ray 

spectroscopy. 

Section 6 deals with simulation and immobilization of residual radioactive waste types by 

vitrification methods. 
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Section 7 reports in-situ X-ray tomographic investigations on the behavior or PGMs in glass 

melt. 

Section 8 contains a short summary and an outlook to potential further investigations on the 

basis of results obtained within the present thesis. 
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2. Background 

2.1. Disposal of high-level radioactive wastes (HLW) 

In 2015 over 430 commercial nuclear power reactors in 31 countries produced ca. 10% of the 

world’s electricity demand.3 Most of the fuel used in the nuclear power plants consist of UO2 

which is enriched with respect to U-235 up to 5 wt%. The fission of U-235 releases around 

200 MeV per nucleus, a million-fold increase in energy release compared to chemical reactions, 

e.g., the combustion of fossil fuels. Although the nuclear process does not generate CO2 or other 

greenhouse gases it yields its own waste in form of highly radioactive SNF leading to the 

requirement of the investigation and establishment of manageable waste forms and disposal 

concepts. Worldwide approximately 10000 metric tons of SNF are produced by nuclear power 

plants each year, 300000 metric tons are already stored in intermediate storage facilities, 

emphasizing the importance of advancing the progress of reliable final disposal concepts.11 

Most of the inventory is destined for long-term storage in geological repositories. Such direct 

disposal routes are described in more detail in Section 2.1.1. In August 2011, the Federal 

Parliament and Federal Council of Germany decided to abandon the civilian use of nuclear 

fission power for the generation of electricity in Germany (“Atomgesetz”). The Federal 

Government of Germany has to provide suitable facilities and a reliable concept for the safe 

final disposal of all nuclear waste. The prevailing political target in Germany is to dispose all 

radioactive waste in deep geological rock formations. The former iron ore pit Konrad in 

Salzgitter is under continuous construction, aiming to serve as a final disposal facility for 

nuclear waste with negligible heat-generation. Its license envisages the disposal of up to 

303000 m3 of low and medium level waste from 2022 on. In July 2013 the German parliament 

passed a site-selection-law with the aim to identify a suitable site for the disposal of heat-

generating HLW. Its operation is planned from 2050 on.12 

Some major western countries such as the UK or France pursue the closed fuel cycle with 

regard to the finite availability of U. The “red book” of U resources from the International 

Atomic Energy Agency, IAEA,13 predicts an availability of U resources on earth for 

approximately 150 years. In contrast to one-time fuel cycles where only few percent of the 

employed U are actually utilized reprocessing and recycling of SNF allows for a U use in fast 

reactors of up to 75% for fission energy generation.14 The waste remaining from reprocessing 

procedures contains mainly highly radioactive FPs which are vitrified in glass matrices. 

Worldwide these remainders of nuclear fuel recycling are beside the direct disposal of SNF the 

second major HLW dedicated for final disposal in a geological repository. They are further 

discussed in Section 2.1.2. 
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2.1.1. Direct disposal of spent nuclear fuel (SNF) 

2.1.1.1. Composition of SNF 

To assess the fate of SNF stored in a geological disposal for several hundred to thousands of 

years its behavior under the expected conditions must be evaluated and understood. Such 

behavior is essentially influenced by both the repository specific parameters such as host rock, 

container, geoengineered barrier, groundwater characteristics, etc. and the nature of the fuel 

itself. Due to its service in the nuclear reactor its characteristics and composition are drastically 

changed compared to fresh UO2 fuel. Understanding the interdependency of the SNF with the 

variety of disposal conditions is essential to assess the safety of different disposal concepts.3 

The SNF composition is determined by two fundamental reactions: 1) fission of fissile 

components such as U-235 and Pu-239, and 2) neutron capture and sequential β-decay 

generating transuranium elements (mainly Pu-239 from U-238). Hence, the Pu concentration 

increases with irradiation duration. About one-third of the total energy produced in a typical 

light-water reactor (LWR) is released by the fission of neutron generated Pu-239. The FPs are 

highly radioactive and are main radioactivity components of the SNF as well as of the 

reprocessing waste at least for several hundreds of years. The final SNF composition depends 

on the type of fuel, initial composition and enrichment, neutron energy spectrum and the burn-

up. In the past fuel elements were typically burned up to ca. 45 GWd/tU. Nowadays, the 

efficiency of the material flow processes is increased by burning the U up to 55-60 GWd/tU. 

The radioactivity of irradiated fuel and its cladding is initially dominated by the short-lived 

fission (e.g., I-131, Cs-137 or Sr-90) and activation products (e.g., Co-60 and Ni-63). In the long-

term the radioactivity is dominated by the α-decaying long-lived transuranium elements (e.g., 

Pu-239, Np-237 and Am-241).3 The FPs, activation products and transuranium elements are 

present in many different phases in the SNF.15, 16 Gaseous FPs (e.g., Xe and Kr) can form 

dispersed bubbles in the fuel matrix; metallic FPs (e.g., Mo, Ru, Pd) form immiscible metallic 

precipitates, so-called ε-phases. The remaining FPs generate oxidic precipitates or solid 

solutions within the UO2 host (cf. Figure 1): Transuranium and rare earth elements can be 

incorporated into the UO2 lattice. Due to a temperature gradient of ca. 400 °C to 1100 °C from 

the rim to the center region of a single 10 mm fuel pellet as well as of the burn-up, the elemental 

composition and the macroscopic characteristics of the material are heterogeneously 

distributed.17 Anomalies of the pellet rim region are further discussed in Section 5. Thus, the 

SNF has rather complex properties with respect to crystal structures, mechanical behavior, 

heat conductivity, chemistry and phase distribution as results of its irradiation history.  
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Figure 1 Illustration of SNF microstructure and distribution of FPs and An. (Reproduced with permission from Ref. 3) 

Every year ca. 20-30 t of SNF are unloaded from a typical LWR. Disregarding some important 

countries such as France, the UK, Russia, Japan, China and India, most other countries in the 

world use a once-through fuel cycle in which burned fuel is not reprocessed but instead 

destined for direct disposal in a geological repository. While the long-term storage in a 

repository will be necessary for hundreds of thousands of years, the SNF might be in 

intermediate storage for tens to hundreds of years at interim storage sites. During the whole 

time the chemical and physical properties evolve due to the accumulation of radioactive decay 

events, the decreased thermal output and the altered radiation field.  

 

2.1.1.2. Evolution of SNF 

As time passes the short-lived FPs decay and the radioactivity will be dominated by the 

α-decaying An, mainly Pu-239 and Am-241, after ca. 500 years (cf. Figure 93 in the 

Appendix).18 The heat generation of the FP decay (ca. 2MW/t after discharge from the reactor) 

causes the fuel elements to remain hot after the removal from a nuclear reactor, requiring its 

storage in water pools. After five to ten years, depending on its burn-up, the fuel elements can 

be unloaded and placed in metal containers. Due to the not yet existing final repositories in 

countries all over the world, the extended interim storage of SNF in these dry casks becomes 

an undesired reality. Gradually the waste packages can lose their intended protective function. 

Self-radiation damage and He build-up caused by α-decay might lead to a significant 

pressurization inside the fuel rod, threatening the integrity of the fuel cladding.19 Especially as 

radiation damage and the reactivity of generated hydrogen provoke an embrittlement of the 
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Zircaloy cladding.20 Cladding failure complicates the repacking and the conditioning of the SNF 

prior to final disposal.  

The most challenging issue the safety assessment of a potential geological repository is the 

timescale of hundreds of thousands of years. Within this time-frame the SNF undergoes 

significant changes which cannot be evaluated in real time experiments.  

 

2.1.1.3. SNF behavior in repository conditions 

Parallel to the evolving properties of the SNF also the repository conditions change likewise. 

The installation of a geological disposal and the emplacement of nuclear waste disturbs 

fundamental properties of the surrounding host rock. Tunnels create fractures; pore water will 

start moving and corrosion or alteration of barriers as well as the radiation modify the 

groundwater chemistry. Radiolytic species are generated in the aqueous solution, establishing 

oxidizing conditions at the waste surface, favoring the An dissolution.21 

A HLW repository system usually consists of several barriers: 1) The conditioned waste form, 

2) the container, 3) a geoengineered barrier/backfill, 4) seals, and 5) the host rock and 

overlaying geological layers. Depending on the disposal concept, the individual barriers take 

over different functions such as prevention or delay of water access to the waste form and 

retarding or even retaining dissolved radionuclides. A multi-barrier system is therefore a 

tuned system being optimized for a specific host rock and site. 

Dissolution and transport mechanisms of radionuclides originating from SNF have been 

extensively studied.22-25 The release of radionuclides can be grouped in the instantaneous and 

the long-term release. After water has breached the metal container, fission gasses (e.g., Kr, Xe) 

and mobile elements (e.g., Cs, I, Cl) which have been migrated to the grain boundaries and rim 

zone are rapidly released (so-called instant release fraction). After this initial release the 

dissolution of the UO2 matrix takes place. This slower process consists of several major steps: 

1) oxidation of U(IV) to U(VI), 2) bulk dissolution of UO2 and release of FPs and transuranium 

elements, 3) dissolution of segregated oxides and metal phases, and 4) formation of secondary 

alteration products. The presence of radiolytic aqueous species generated by the ionizing 

radiation plays a major role in the matrix corrosion process. Water is broken down into 

reactive species such as H2O2, H2 and H3O+ drastically changing the water redox conditions at 

the fuel surface. The competing chemical reaction manifold is complex.21 Figure 2 gives a brief 

overview on possible processes occurring in the system. 
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Figure 2 Schematic illustration of chemical processes involved in the SNF material dissolution in the near-field of a 
geological repository. (Reproduced with permission from Ref. 26) 

Defining a time scale for repository evolution is challenging.27 The Belgian SAFIR 2 study 

distinguishes three discrete post-closure time frames for the final disposal of SNF and vitrified 

HLW in Boom clay (clay of the Boom sediment formation in Europe):28  

1) In the thermal phase the decay of FPs and An keep the waste on a temperature of 

several hundred degrees. The thermal gradient prevents water access to the waste, so 

the HLW remains contained. The thermal phase is estimated to last approximately 

1000 years.  

2) In the isolation phase it is expected that almost no activity will be released from the 

repository. Although radionuclides are leached from the waste matrix after water has 

reached it, the slow release from the waste and the low migration rates through the 

engineered and natural barriers prevent the release from the system for long time. 

Most of the FPs have decayed after 2000-3000 years (Tc-99, I-129 and Cs-135 will still 

be present), so the radioactivity in this period is dominated by the An α-decay. For the 

Boom clay the isolation phase is estimated to last over a period of ca. 10000 years.  

3) The release of radionuclides to the environment and to surface water by migration is 

expected in the geological phase.  

In the long-term of the geological phase, the boundary conditions influencing radionuclide 

mobility will be set by the local geology. Possibly, these conditions might be suddenly or 
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gradually changed by certain events. Depending on the position of the repository, tectonic 

disruptions or climate change can affect them. A fluctuation in the ground water flow might 

increase or decrease the dissolution of the waste. As most FPs will have decayed at that time 

mainly the An migration has to be considered. Their solubility largely depends on the 

prevailing redox conditions.29 The oxidation states of the An have a dramatic effect on their 

solubility, transportation and bioavailability behavior.30 U is known to exist in its tetra- and 

hexavalent form in reducing and oxidizing conditions, respectively. In contrast, Pu might be 

present in up to four different oxidation states from trivalent to hexavalent form. In general it 

can be said that An with lower oxidation states (e.g., tetravalent) form solid phases with low 

solubility whereas higher oxidation states (e.g., hexavalent) form well soluble dissolved 

species.31 

 

2.1.2. Disposal of vitrified waste from spent nuclear fuel (SNF) 

reprocessing 

2.1.2.1. Glasses as host matrix for nuclear waste immobilization 

FPs and minor An (MA) generated during fuel irradiation represent only 5% of the SNF weight 

but 98% of its radioactivity. By reprocessing of the fuel these FPs and MA end up in 

concentrated HLLW solutions. These can be stored for several decades in stainless steel storage 

tanks equipped with cooling and stirring systems. Nevertheless, such a procedure requires 

continuous monitoring, maintenance and cannot be extended to a timescale of hundreds of 

thousands of years when the radioactive decay is significantly advanced. In addition, the liquid 

state of the HLLW is a major safety issue. In the 1950s major western countries such as USA, 

the UK, France, Canada, etc. started strategies for the immobilization of the FP and MA 

containing HLLW. Several host materials were considered with a rapid convergence on glass.32  

Glasses are amorphous non-stoichiometric solid materials which tend to show a fragile rupture 

behavior. Characteristically, they show a glass transition temperature Tg. It describes an 

unusual phase transition which does not occur at a certain temperature but over a temperature 

range. In contrast to usual phase transitions, it does not go along with a discontinuous change 

in structure. As an amorphous material, glass does not have any long-range order, causing 

some of its unique properties. Glass can be made by several methods. Most glasses are formed 

by quenching a melt fast enough below its Tg, leaving no time to form a crystalline phase. During 

cooling, the viscosity of the melt increases progressively until the material solidifies. A glass 

can therefore also be characterized as “rigidified supercooled liquid”. Thus, glasses are kinetic 
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metastable materials. In practice, metastability is not a concern as most oxide glasses are much 

longer stable than any timescale of our universe. While silicate based glasses are formed at 

relatively slow cooling rates (10-2 K/s), the formation of an amorphous solid material from a 

metal melt require extremely high cooling rates of more than 106 K/s. Due to the tremendously 

high viscosity of solid glass at room temperature, relaxation processes are inhibited. Internal 

stress which builds up in the glass when its melt is quenched can be preserved in glasses for 

several thousands of years.32, 33  

After ceramics, glasses are one of the oldest processed materials known to mankind. Natural 

glasses such as obsidian, formed by volcanic eruptions or impact of meteorites, were used to 

manufacture knives and arrow heads. Glazed stone beads used by humans have been dated to 

12000 BC.33 The first man-made glass was dated back to 4500 BC.32 In Egypt, the pharaohs 

established a glass industry in 1500 BC. Since then, glass became an irreplaceable material in 

our everyday life. Due to some of its unique properties glass was discovered for a very new 

application in the 20th century: The immobilization of nuclear waste. Michael Faraday 

described glass as a solution of different substances in one and another.33 This reflects very 

well its ability to be very tolerant to changes in its composition. Glasses and their properties 

change continuously and smoothly with composition variations. In combination with their 

physical and chemical durability, glasses were found to be a well suitable host matrix for the 

reliable immobilization of toxic waste such as long-lived highly radioactive waste.  

No other material combines all advantages for the immobilization of nuclear waste:  

• High capability to sustainably immobilize a broad range of elements in considerable 

amounts 

• Small volume of the final waste glass product 

• High chemical and physical durability 

• High radiation tolerance 

• Available production technology from industrial glass manufacturers 

The exact composition of the glasses used for the immobilization of nuclear waste is tailored 

according to the waste composition, the melting process, the acceptance criteria for final 

disposal etc. Figure 3 depicts the field of constraints and requirements a waste glass has to 

consider and to fulfill, respectively, and in which the glass formulation has to find the best 

compromise.  
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Figure 3 Field of constraints and requirements a glass formulation has to consider and to fulfil, respectively, in 
order to serve as a reliable host matrix for nuclear waste. (Reproduced with the permission from Ref. 32) 

For most cases, alkali borosilicate glasses represent the best compromise for the 

immobilization of radioactive waste and have therefore been selected by most countries as 

reference matrix (France, the UK, USA, Germany, etc.). Another immobilization matrix are 

phosphate glasses. As their melt is very corrosive, their applicability is limited, yet they are 

suitable for the immobilization of Al rich wastes and are applied in Russia.32  

The aqueous alteration of waste glass is the only considerable release process for the 

incorporated radionuclides. Thus, the leaching performance of the glass is a paramount 

criterion as it ensures low radionuclide release rates in any water exposure scenario. Leaching 

describes the process of washing out glass constituents into water. It depends on several 

parameters, but typical normalized leaching rates are below 10-5 – 10-6 g/cm2 day. This 

excellent corrosion-resistant property provides a high degree of environmental protection.  

Waste glasses are not necessarily completely homogenous materials such as optical glasses. 

The waste contaminants are incorporated into the macro- and micro-structure of the glass 

matrix by either dissolution or encapsulation. As most elements from nuclear waste 

reprocessing are well soluble in glass, they participate in the network formation either as 

network formers or modifiers. Other immiscible elements with low solubility limits in glass 

melts such as sulfates, chlorides and molybdates as well as noble metals like Ru, Rh and Pd do 

not (completely) dissolve in the glass melt and become encapsulated. Depending on the nature 

of the encapsulated components, the leaching performance of the waste product might be 

negatively influenced.33 
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2.1.2.2. Glass structure and immobilization mechanisms 

Within the last 40 years countries in Europe and all over the world (Belgium, Canada, Germany, 

China, India, Japan, Russia, etc.) used vitrification processes for immobilization of their HLLW. 

In most cases borosilicate glasses were used as host material. Their selection is based on their 

excellent properties in terms of waste immobilization: High flexibility with regard to waste 

loading and incorporation of many different waste elements, good glass-forming ability, 

chemical durability, mechanical integrity and thermal as well as radiation stability. The major 

compound of borosilicate glass is SiO2 with ca. 50 wt% and B2O3 with ca. 15 wt%. Na2O is 

typically included at approximately 10 wt%. As the glass components usually exist as oxidic 

species, their concentration is always given as oxide species, notwithstanding the fact that the 

element might be present in another speciation (e.g., U is usually given as UO2 even if it is 

incorporated in the glass as hexavalent U). In addition, CaO, MgO, Na2O and Al2O3 are present 

in smaller amounts. SiO2, B2O3 and Al2O3 build up the network as they establish strong covalent 

bonds to each other involving SiO4, AlO4, BO4 tetrahedral and BO3 triangles. The oxygen atoms 

cross-linking these building units are called bridging oxygens (BO). As the network does not 

establish a regular structure like in crystalline materials, the formed chains spread in all 

directions and have various lengths. Some of the building units exhibit one, two or even three 

non-bridging oxygen (NBO) atoms. Those NBO are only attached to one cation such as Si and 

carry a single negative charge. They compensate for the positive charge of free cations which 

are incorporated in the gaps of the network. These cations are called network modifiers as they 

modify the glass network by breaking bonds, increasing the number of NBO. This process is 

called depolymerization of the glass network. Network modifier can be alkali or earth-alkali 

elements, transition metals and ions with high charge as for example An elements. Figure 4 

illustrates the structure of a borosilicate glass with BO and NBO.33 The ability of a cation to 

serve as a network modifier or a network former is characterized by its field strength F (also 

called Dietzel field strength):34 

� = �
��       (1) 

Where Z is the charge and a the ionic radius (Å) of the cation. Cations with lower field strength 

(0.1–0.4, e.g., alkali) act as network modifiers, whereas ions with higher F (1.5–2.0, e.g., Si, B, 

etc.) are network formers. Field strength values for the different elements can be found in the 

literature.33, 35  
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Figure 4 Schematic illustration of an alkali-silicate glass network. The blue tetrahedral structures represent SiO4 
network forming units, B atoms form either BO3 trigonal planar or BO4 tetrahedral units. Charged S, Mo or Cr 
tetrahedra are not connected to the glass network but incorporated in its gaps. Free cations such as alkali and earth-
alkali elements compensate the negative charge of NBO. (Illustration by S. Weisenburger)  

Some elements do not tend to incorporate in the glass matrix, neither as network modifier nor 

former. They end up in separated phases due to the very low solubility limits in the glass melt 

of their formed constituents (e.g., SO4, MoO4, RuO2). They are considered as troublesome 

elements in a nuclear waste vitrification process. S can be incorporated in the glass matrix up 

to approximately 1 wt% in terms of SO4. Above, separated water-soluble phases are formed. 

Together with cations like Na, the elements S, Mo or Cr form glass-insoluble so-called “yellow 

phases” amongst others, floating on the surface of the glass melt or accumulating at the bottom 

of the melting cavity (e.g., Na2Mo4). Additionally, “yellow phases” can incorporate several other 

components such as chromates and alkali elements. From the definition of the cation field 

strength it can easily be recognized that the oxidation state has a major influence on its 

incorporation behavior. Similar accounts for its solubility limit in the glass phase. The 

dependency of the glass solubility on the element oxidation states will be discussed in detail in 

Section 4. If Ru is present in the waste, it forms small needle-like RuO2 particles which are 



15 
 

encapsulated by the glass. They can agglomerate with Pd and sediment to the bottom of the 

glass melter causing serious problems due to its high viscosity and electrical conductivity. The 

vitrification of insoluble noble metals is discussed in detail in Section 7. 

 

2.1.2.3. Vitrification technology 

The vitrification process for the immobilization of nuclear waste comprises several steps, 

depending on the nature of the waste and the applied process. As most of the HLLW which is 

dedicated for immobilization is present as nitric acid solution, the first step of the vitrification 

process consists of the evaporation of the excess water. It is followed by calcination, glass 

melting and finally by pouring and cooling of the waste glass product. Calcination of the waste 

describes the thermal decomposition of its nitrates and other salts and thermal transformation 

to oxides. Vitrification processes which are performed nowadays can be either one-stage or 

two-stage processes. In the first case, the liquid waste is mixed with glass-forming additives 

(e.g., a pre-synthesized base glass, called glass frit) and fed into the melter, or the HLLW is fed 

separately from glass frit onto the glass pool surface where the mixing, evaporation, calcination 

and glass melting takes place. In the second case, prior to the described procedure, the liquid 

HLLW is dried and calcined in a so-called calciner (two-stage process). The calcine is then fed 

together with the glass-forming additives into the melter. For heating of the glass melt two 

conceptual different melters are used at nuclear waste vitrification plants: The JHCM or the 

induction-heated metallic melter. While the former is used in some facilities, the latter is 

known for reliable operation in the large-scale vitrification plants in France and the UK. Figure 

5 illustrates a cross-section of a JHCM developed by the Institute for Nuclear Waste Disposal of 

the Karlsruhe Institute of Technology (KIT-INE). Bottom and side electrodes heat the glass melt 

by an electrical current. HLLW and glass frit are fed onto the surface of the glass melt, where 

they are forming a so-called cold-cap floating on top of it. In the lower area of the cold-cap, the 

waste glass is formed and melts continuously into the glass pool. 
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Figure 5 Cross-section of a JHCM developed by KIT-INE within the VEK project.(Illustration adapted from 
Grünewald et al.)36  

The melting of nuclear waste glass must be performed below temperatures of 1200 °C due to 

the volatility of certain elements and process handling. Nevertheless, Cs, Ru and Tc already 

form constituents at such temperatures (Cs2O, RuO4, etc.) which are volatile and can leave the 

cold-cap and the glass melt in significant quantities. They are trapped by the melter off-gas 

treatment system and need to be recycled into the process. The readily melted glass is poured 

into stainless steel containers and cooled down within a few days. Glass cracks formed during 

the cooling process of the canisterized glass, lead to an increased surface area, potentially 

prone to the attack of water. Nevertheless, the glass product is sufficiently durable to ensure a 

suitable degree of radionuclide retention. The volume reduction factor (VRF, final waste glass 

product volume compared to initial HLLW volume) for vitrification processes is about five. The 

VRF is an important factor measuring the efficiency of the waste immobilization process and is 

correlated to its economic aspects.33 
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2.1.2.4. Waste glasses in repository conditions 

When nuclear waste glass is disposed in a final geological repository, water intrusion has to be 

taken into account. The time scale for which the water intrusion has to be expected depends 

significantly on the host rock formation and the emplacement concept. In the earlier parts of 

the German final storage concept, the conditions in a salt dome repository have been 

considered. In earlier safety analysis scenarios, it was assumed that approximately after 

500 years groundwater brine has breached the container barriers and will contact the glass 

which will have a temperature of approximately 150 °C. In case of an earlier container failure, 

the corrosion of the glass might start untimely. For the long-term corrosion of more than 

1000 years, temperatures below 80 °C are expected for the considered emplacement concept. 

The glass dissolution process is a combination of a variety of mechanisms discussed for 

example by Kienzler et al. and Vernaz et al.25, 32 The leaching behavior of a glass substrate can 

be assessed by so-called leaching tests during which glass samples are contacted with water 

under a large range of experimental conditions. The performance of several materials in 

leaching tests can only be compared under similar conditions of a given test. The test can either 

be performed static (glass sample is exposed to the same solution for the duration of the test), 

dynamic (glass is exposed to a flow of fresh leach, e.g., the “Soxhlet test”) or as integral test 

(glass leaching in the presence of natural environment materials). B is a good trace element for 

quantifying the dissolution rate of the glass matrix. In more diluted leaching solutions, also Na, 

Li and Mo can be used as tracer elements.32  

When contacted by water, the main alteration processes of borosilicate glass occurring 

subsequently can be described as following:37, 38 

• Hydrolysis and exchange reaction of mobile glass components (alkali metals, B, etc.). 

This step occurs rapidly during the initial stage. 

• Slower hydrolysis of Si driving the initial glass dissolution rate 

• In situ condensation of hydrolyzed species (Si, Zr, Al, Ca, etc.) forming an amorphous 

gel layer at the glass/solution interface. 

• The gel layer rapidly constitutes a barrier against the transport of water and solvated 

glass constituents. Especially for concentrated leaching solutions the transport-

inhibiting effect of the gel layer becomes the alteration controlling factor.  

• Mobilized glass components can precipitate forming secondary phases on the glass 

surface. By consuming the elements forming the protective layer the glass alteration is 

sustained.  
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The leaching behavior, especially in the initial phase, depends mainly on the glass composition, 

the temperature and the pH value of the solution. From 4 °C to 300 °C the initial leaching rate 

ranges over seven orders of magnitude. Thus, taking into account the temperature effect during 

the planning of leaching experiments is essential.  

In case of the water renewal rate being very slow, as it expected for most geological 

repositories, silica saturation is observed in the leachate leading to a strong alteration rate 

drop. The decrease was related to a lower hydrolysis rate due to the increased solution 

concentrations and the formation of the gel layer serving as diffusive barrier.39 Once the 

saturation conditions are established, a residual leaching rate, controlled by gel dissolution and 

secondary phase precipitation, is observed. The residual rate is typically rather low for 

borosilicate glasses (ca. 5 nm/year at 50 °C). In some cases, a resumption of the alteration is 

observed. When the equilibrium pH value is above 10 and the glass bears high Al 

concentrations, zeolite material can precipitate, leading to an increased cycle of adaptation.40  

In a geological repository, the water chemistry inside the host rock is initially in equilibrium 

with the host rock. It is then disturbed by engineered materials such as concrete, steel, etc., and 

the heat produced by the deposited glass canisters. As a consequence, the glass dissolves in a 

system with evolving temperature, composition and water flow for at least ten thousand 

years.32 The additional groundwater components may influence the glass dissolution by 

changing the gel layer formation,41 increasing the hydrolysis rate of the silica network42 or 

affecting the precipitation of secondary phases.  

In a fractured host rock environment such as granite the water renewal rate would be the main 

environmental parameter. At this juncture the final disposal of vitrified waste in a granite host 

rock is contemplated only by a few counties (e.g., Russia and China). In a clay rock repository 

with low to no water flow, the formation of silica secondary phases serving as Si sink will be 

most relevant for glass dissolution. Numerous studies have investigated the effect of ionic 

strength and chemical composition of brine in a rock salt environment concluding lower glass 

dissolution rates compared with pure water.43-45 In all environments, a high initial dissolution 

rate will be observed until the near field of the glass is saturated resulting in the residual 

leaching rate. This rate will determine the long-term dissolution of the waste glass. Predicting 

and modelling this final rate is a great challenge for science. Multiscale approaches are required 

as relevant space and times scales are too large to be modeled by a single model.25, 32 

The effect of self-irradiation on the glass properties and its leaching behavior was studied for 

several decays in detail.32, 35, 46 Main contributions to the irradiation dose of the waste glasses 

are due to the An (α-decay), the FP (β-decay) and γ-transitions accompanying the α- and 
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β-decays. In order to evaluate their effect, glasses have been doped with relatively short-lived 

An such as Cm-244,47 they were externally irradiated with electrons and heavy atoms48 and the 

impact and recoil processes have been modelled on atomistic scale.49 The studies determined 

irradiation effects to be of less relevance on the glass properties. In some cases the internal 

irradiation even improved the mechanical properties of the glasses.32 Nevertheless, for the 

release of radionuclides – especially the long-lived An – the geochemical milieu is of more 

importance.25, 50  

 

2.2. Fundamental principles of X-ray absorption and X-ray emission 

spectroscopy 

2.2.1. X-ray absorption spectroscopy (XAS) 

As electromagnetic radiation travels through matter it is attenuated due to its interaction with 

the material. This loss of intensity occurs according to the Lambert-Beer law: 

� = ���	
�      (2) 

Where I0 and I are the intensities of the incident and transmitted beam respectively, d is the 

thickness of the material and µ the absorption coefficient. µ depends highly on the energy E of 

the incident photons, the atomic number Z, the atomic mass A of the absorbing atoms and the 

density ρ of the material: 

μ ≈  ���
���      (3) 

According to this equation µ decreases with increasing energy. However, at certain energies a 

sudden increase in µ is observed, characteristic for the absorbing element (cf. Moseley’s law). 

Due to their appearance in the absorption spectra these energies are called X-ray absorption 

edges (cf. Figure 6). 
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Figure 6 Absorption cross-section µ/ρ of Pb, Cd, Fe and O over a large X-ray energy range. The element specific 
absorption edges are can be recognized by a sharp rise in µ/ρ. (Reproduced with permission from Ref. 51) 

The process describing the sudden change in µ is the photoelectric effect, illustrated in Figure 

7.52, 53 The energy of the X-ray photon is sufficiently high to excite an electron from its shell into 

a bound unoccupied states or the continuum. The created hole is filled by relaxation of a higher-

shell electron. The energy difference between the electron levels is released either as emitted 

fluorescence (Figure 7, middle) or Auger electron (Figure 7, right).54  

 
Figure 7 Illustration of the photoelectric effect. A photon excites a core electron from the K shell into the continuum 
(left). The electron hole is filled by an outer M or L shell electron emitting either X-ray fluorescence (middle) or an 
Auger electron (right). (Adapted with permission from Ref. 51) 

The emission of Auger electrons is more probable for elements with low atomic Z number 

(Z < 30) while the emission of fluorescence photons dominates for heavier elements.54 In 

addition, the excitation with hard X-rays (more than 2 keV) favors the fluorescence effect 

rather than the Auger electron emission which is more likely for soft X-ray excitation.51 X-ray 

absorption spectroscopy (XAS) is the measurement of the energy dependence of the 

absorption coefficient. It can be done in both transmission:  

μ��� = ��� ���/��  (4) 
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and fluorescence mode:  

μ��� ∝ ��/��  (5) 

where If is the intensity of the monitored fluorescence line.51 In an XAS experiment the X-ray 

energy is tuned across an absorption edge of the element of interest. Corresponding to the 

principal quantum numbers n = 1, 2, 3, … of the main electron shell, these absorption edges are 

labelled K, L, M, etc. Transitions from different orbitals are numbered by subscripting 1, 2, 3 

etc. to the edge label (e.g., L1, L2, L3 edge). The excited electrons are labeled with their main 

quantum number n and the azimuthal quantum number l describing the orbital angular 

momentum (e.g., 2p3/2 for the L3 edge).54 A schematic X-ray absorption spectrum is shown in 

Figure 8.  

  
Figure 8 XAS spectrum of PuO2 (cf. Section 3). The XANES region is marked green, the EXAFS region red. The most 
intense peak in the XANES region is the WL. (Crystal structure of PuO2 adapted with permission from Ref. 55) 

The most intense absorption feature is called WL. At this energy electron transitions take place 

following the dipole selection rules Δl = ±1 (e.g., 2p → nd transition for L2,3 edge). The incident 

energy is sufficient to excite electrons in unoccupied bound states. As that transition is very 

sensitive to the electronic configuration of the atom, the position of the WL can be used to 

determine the oxidation state of the absorbing atom. In addition, the shape of the WL 

fingerprints to some extent the coordination geometry of the absorbing atom.56 Together with 

the region before the WL (approximately -50 eV relative to the WL), called pre-edge, and the 

region behind the WL (approximately 250 eV), called post-edge, it forms the so-called X-ray 

absorption near edge structure (XANES).57, 58 The region at higher energies is named extended 

X-ray absorption fine structure (EXAFS). It starts shortly after the WL, partially overlapping 

with the XANES region and continues to 1000 eV or more above the WL. In the EXAFS region 

PuO2 
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the electrons are excited into the continuum (cf. Figure 7, left). Due to interaction of the excited 

photoelectron with neighboring atoms, information about the local environment of the 

absorbing atom can be obtained. The photoelectron is considered as spherical wave which is 

scattered from surrounding atoms. The scattered electron waves interact with the initial wave 

causing interference. This is the origin of the oscillating part in the EXAFS spectrum.54 The 

EXAFS spectrum contains information on the type, number and geometry (interatomic 

distances and angles) of the coordinating atoms relative to the absorbing atom.59 As the 

photoelectron moves through the material it decays due to the finite lifetime of the core-hole 

and the interaction with the atoms.60, 61 Therefore, the range of information is limited to 

distances smaller than 10 Å. As EXAFS spectroscopy probes the local atomic environment of 

every absorbing atom, no periodicity of the materials structure is required in contrast to for 

example X-ray diffraction. Thus, the EXAFS technique is predestined for the investigation of 

amorphous or liquid materials with only short-range atomic order.62 As a results of 

approximations, an analytical expression of the EXAFS spectrum can be obtained.59 

Considering all atoms Ni with the same atomic number Z around the excited atom in shells at 

equal distances Ri from the absorbing atom, then the EXAFS signal χ is given as a function of 

the photoelectron wave number k by: 

χ� � =  ∑ χ"� �"   (6) 

where each scattering path χi of the photoelectron can be written as: 

#"� � =  ∑ �$%&'�
()%�

��"� � sin-2 /" + 1"� �2 ∙ �	45%�(��	4)% / 6�(�"    (7) 

The terms Fi(k), φi(k) and λ(k) are the scattering amplitude, the phase shift and the mean free 

path of the photoelectron, respectively. These parameters can be calculated by the ab initio 

quantum-chemical FEFF code based on the multiple-scattering theory.60  

The distance Ri between the absorbing and the scattering atom is given by: 

/" = /�" + 7/"  (8) 

It is equal to half the path length of the photoelectron in a single-scattering event. R0i is half the 

path length used in the theoretical calculation modified by ΔRi which represents a change in 

the interatomic distance relative to the initial path length Ri. 

k is described by: 

 = 829: �	�;<∆�'
ℏ   (9) 
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The equation expresses the excess kinetic energy of the photoelectron in wavenumbers k 

taking into account the mass of the electron me and the Planck’s constant ℏ. ΔE0 relates to a 

change in the photoelectron energy and can be calculated by FEFF code. It aligns the energy 

scale of the theoretical spectrum to match the measured spectrum. The equation can be 

simplified by: 

 ≈ 0.51C� − ��   (10) 

E is the incident energy of the exciting photon, and E0 is the binding energy of the emitted 

photoelectron. Ri can be determined by modelling the EXAFS spectrum. NiS02 changes the 

amplitude of the EXAFS signal independent of k. The amplitude decreases with increasing the 

distance from the surrounding atoms by 1/Ri. sin[2kRi + φi(k)] describes the oscillation in the 

EXAFS signal with a phase represented by 2kRi + φi(k). The phase shift of the scattered 

photoelectron is taken into account by multiplying its path (2Ri) by k. φi(k) considers the shift 

caused by the interaction of the photoelectron with the nuclei of the absorbing atom. σ2 is the 

mean-square displacement of the bond length between both atoms considering also 

contributions from thermal disorder and structural heterogeneity (Debye-Waller factor). λ(k) 

is the mean free path of the photoelectron, that means the average travel distance of the 

electron after its excitation. Thus, the term e-2Ri/ λ(k) accounts for its inelastic scattering due to 

excitation of the neighboring environment by adding exponential dumping to the EXAFS 

signal.63, 64 The EXAFS signal in k range is Fourier transformed (FT) to R range and modeled 

using scattering paths (Equation 7) generated by the FEFF8.2 code. The ARTEMIS and ATHENA 

programs parts of the IFFEFIT program package are used for extraction of the EXAFS spectrum 

and the modeling procedure. 

 

2.2.2. Resonant inelastic X-ray scattering (RIXS) and high-energy 

resolution near edge structure (HR-XANES) technique 

The combination of the electron excitation process and subsequent relaxation of the system by 

emission of a photon is called resonant inelastic X-ray scattering (RIXS).65-67 Different RIXS 

processes are illustrated in Figure 9 on the example of the lanthanide elements (Ln) L3 edge.  
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Figure 9 Schematic illustration of the two-step RIXS processes. (Adapted with permission from Ref. 54) 

The incident photon excites an electron from the 2p65dn ground state into the valence band 

creating an electron hole in the ground state. The intermediate state has an electron 

configuration of 2p55dn+1. If the electron core-hole is filled by an electron from an intermediate 

level – in this example the 3d state – the process is called Core-to-Core RIXS (throughout this 

work referred to as RIXS). The final state has a 2p63d95dn+1 configuration. Its energy difference 

to the ground state is called energy transfer, i.e., the remaining energy which was transferred 

to the system.54 If the core-hole is filled by an electron from the populated valence band (VB), 

the process is called valence band RIXS (VB-RIXS).68 The measurement of the emission energy 

as a function of the excitation energy provides information about the electronic levels as its 

difference directly refers to the energy transfer. Figure 10 shows a RIXS contour map of PuO2. 

The fluorescence intensity is presented as function of the excitation and emission energy.  

 
Figure 10 3d4f RIXS of PuO2.69 The colors represent the intensity of fluorescence from blue (low) to red (high). The 
yellow horizontal line indicates the emission energy at which Pu M5 edge HR-XANES spectra are measured.  
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By recording the intensity of the emitted fluorescence as a function of the excitation energy at 

the “normal emission energy”, the XANES spectrum can be obtained. This correlates to a 

horizontal line in the RIXS spectrum.69 The normal emission is determined as maximum of the 

emission line recorded at excitation energies well above the absorption edge. The broadening 

of the features visible in the RIXS spectrum (cf. Figure 10) depends on the finite lifetime of the 

core-hole due to the Heisenberg uncertainty relation (∆�∆E F  ħ/2). With a rise in atomic 

number Z, the lifetime of the core-hole for one specific absorption edge decreases leading to an 

increased broadening.70, 71 Both the broadening of the intermediate (ΓINT) and the final state 

(ΓFIN) determine the overall inherent broadening (ΓTOT) for fluorescence mode experiments.72 

It can be estimated as the full width at half maximum (FWHM) of a Lorentzian-type profile: 

HIJI =  K
8 L

MNOP�  < L
MQNO�

   (11) 

The excitation energy is by nature larger than the relaxation energy causing a higher energy 

uncertainty for ΓINT than for ΓFIN. As in transmission mode measurements, only the larger ΓINT 

is considered, fluorescence mode experiments show always lower inherent spectral 

broadenings.54  

The excitation and relation transitions for the L3 and M4,5 absorption edges which are most 

relevant for the investigation of An, are depicted in Figure 11. Electron core-holes are less 

stable and have therefore a shorter lifetime when located closer to the nucleus of the atom. 

Hence, the 2p3/2 core-hole for L3 transitions has a total inherent core-hole broadening of ca. 

3.2 eV whereas the 3d3/2 or 3d5/2 core-hole at the M4,5 edge has a significant lower broadening 

of approximately 1 eV.56 Hämäläinen et al. were the first to utilize this advantage during the 

recording of XANES spectra of Ln with increased resolution.73 

 
Figure 11 Schematic illustration of electron transitions at the An L3 and M4,5 edges. 



 
26 

The total broadening of the spectrum is a combination of the inherent core-hole lifetime 

broadening ΓTOT and the experimental energy bandwidth ETOT, which depends on the incident 

(EINC) and emission (EEM) energy bandwidth: 

�IJI =  8�R$S4  + ��T4   (12) 

While EINC is defined by the resolution of the double crystal monochromator (DCM) and the 

size of the incident beam spot on the sample, EEM depends significantly on the detection method. 

In conventional measurements a solid state detector (SSD) with an energy resolution of 

typically more than 100 eV is used. In this case, the broadening of the spectrum is dominated 

by the immense experimental broadening. Exchanging the SSD by a multi analyzer crystal 

spectrometer (MAC-spectrometer) increases the experimental resolution to ca. 1-3 eV. Spectra 

recorded with a MAC-spectrometer are called high-energy resolution XANES (HR-XANES) 

spectra (also named partial fluorescence yield (PFY-XANES) or high-energy resolution 

fluorescence detected XANES (HERFD-XANES)). With this setup, EEM depends on the geometry 

of the spectrometer and on the crystals. The setup of a MAC-spectrometer is discussed in 

Section 2.2.3. A table listing experimental parameters, absorption edges, broadenings and 

resolutions for the investigations presented in this study is shown in the experimental section 

(cf. Table 32 in the Appendix). Calculated broadenings relevant for the investigation of Ln and 

An are listed by Prüßmann.54  

The evaluation of HR-spectra greatly benefits from the enhanced energy resolution. Figure 12 

compares the U M4 edge spectra of metaschoepite (UO3·1-2H2O) recorded with conventional 

and HR-setup.  
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Figure 12 XANES spectra of Metaschoepite measured with conventional and high-energy resolution setup.  

The HR-spectrum reveals a sharper, more intense main peak and in the conventional 

measurements indistinguishable features are now well resolved and separated. In M edge 
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spectra, the region comprising the features A, B, C and D has a narrow energy range 

(approximately 20 eV). Consequently, this region is referred to as WL. Therefore, the most 

intense feature (cf. feature A in Figure 12) will be called main peak in the following discussions 

of M edge spectra. 

As demonstrated in Figure 11, the An L3 edge probes unoccupied 6d states and is sensitive to 

the coordination and crystal field splitting. Due to the short core-hole lifetime of the 2p3/2 

intermediate state it has an inherent spectral broadening of approximately 3.2 eV.70 For An 

structural investigations the L3 edge has been used in numerous studies.5, 74-76 However, the 

most interesting properties of the An originates from the participation of the 5f valence states 

in the chemical bonding.77, 78 The 5f states can directly be probed by measuring An XANES 

spectra at the M4,5 edge recording 4f5/2 →  3d3/2 or 4f7/2 →  3d5/2 emissions.66 The reduced 

inherent broadenings of the M edge enable the recording of very well resolved HR-XANES 

spectra (e.g., the core-hole lifetime broadening of the 4f5/2 final state is approximately 0.37 eV 

(U M4 edge)).79 As the M edge transition directly probes the 5f valence states, the energy 

position of main spectral features is very sensitive to the oxidation state of the element. The 

HR-XANES spectra are an excellent instrument for the identification of An oxidation states 

mixed in the same material. The spectral features also contain information about the local 

atomic environment of the probed atom.6, 68, 76, 80  

 
Figure 13 U M4 edge (left) and L3 edge (right) HR-XANES spectra of U compounds containing different, pure U 
oxidation states shown in red and black. The blue spectrum is derived by linear combination modelling of 90% U(VI) 
and 10% U(IV) of the pure spectra.  

Figure 13 (left) shows the U L3 edge HR-XANES spectra of U(IV) and U(VI) reference 

compounds and a mixed U spectrum with 10% U(IV) and 90% U(VI) (0.1·U(IV)+0.9·U(VI)). The 
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simulated spectrum exhibits only slight differences in intensity compared to the U(VI) 

spectrum. Therefore, it is not possible to clearly detect and quantify the U(IV) contribution. The 

situation at the U M4 edge using HR-XANES is vastly superior. Figure 13 (right) has additional 

absorption resonance A characteristic for U(IV). By performing linear combination least 

squares fit analyses quantitative determination of less than 10% U(IV) is possible. It was 

recently demonstrated that the HR-XANES technique enables to distinguish between U(IV), 

U(V) and U(VI) oxidation states with high sensitivity in a material containing mixed U oxides.66 

Therefore, the An M4,5 HR-XANES technique is a powerful tool for the investigation of An 

containing materials. The additional effort caused by the HR-setup is justified by the value of 

the obtained information. 

It should be noticed that for the evaluation of the spectra suitable references measured in 

comparable conditions are essential. These references are not only necessary to determine the 

oxidation states but also to align sample spectra in order to compare them to each other. An 

example is given in Figure 14. The RIXS contour map was integrated at the normal emission 

energy for variable widths from 0.05–10 eV. The integration windows are illustrated in    

Figure 14, left. The obtained spectra are depicted in Figure 14 right. As a function of the 

integration width, the main peak of the spectra shifts towards higher energies and additionally 

the shape of the spectrum also changes. As the position of the main peak is one of the most 

necessary parameters for the evaluation of the spectra it is important to measure the reference 

materials with the same energy resolution as the samples. The relative shifts of samples and 

references can then be evaluated. By aligning reference spectra with similar energy resolution, 

experimental spectra from different setups and with different calibrations can be shifted 

accordingly and compared to each other. Such processing was – for example – necessary in 

Section 5. 

 
Figure 14 3d4f RIXS contour map of PuO22+ (left). When integrated with different emission energy width (green: 
0.05 eV, pink: 0.25 eV, cyan: 1 eV, yellow: 5 eV, orange: 10 eV) HR-XANES spectra with different energy resolution 
can be obtained (right).  
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It is well known in the literature, that performing an XAS experiment on a certain material, 

might change its properties and the speciation of its elements.81, 82 The probability for X-ray 

induced redox process increases with increasing the X-ray flux and is more pronounced for 

organic compared to inorganic materials. Those induced processes are called radiation damage 

and can dramatically challenge the experiments and potentially lead to false results. Therefore, 

it is very important to evaluate the probed materials with regard to radiation damage to 

determine the reliability of the obtained data. An example is shown in Figure 15. The U(VI) 

containing mineral umohoite ((UO2)MoO4·H2O) was investigated by U M4 HR-XANES with 

regard to the U oxidation state. The sample was investigated at a beamline with a very high 

X ray photon flux of more than 1013 photons/s. The first spectrum shows a U(VI) characteristic 

pattern. After 5 s a shoulder at the low energy side of the main peak appears accompanied by 

an intensity decrease of the two main features. This trend continues when measured for 

another 60 s. The last spectrum reveals a very pronounced pre-edge. As this energy position is 

characteristic for the contribution of U(IV), it can be concluded that the exposure to the X-ray 

beam induces the reduction of U(VI) to U(IV). By recording preliminary spectra with short 

measuring time from fresh unexposed sample, comparing them with spectra recorded after 

long exposure time, the potential effect of radiation damage on the material can be evaluated 

(cf. Figure 15). This was done for the samples discussed in the present thesis. 

 
Figure 15 U M4 edge HR-XANES spectra of the U mineral umohoite. The spectra were recorded after the sample was 
exposed to intense X-ray radiation of the measurement for 0, 10 and 60 s.  
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2.2.3. General setup and X-ray emission spectrometer 

X-ray absorption spectroscopy requires a precisely tunable X-ray source. One possibility are 

laboratory based installations as for example a laser-produced plasma source.83 A synchrotron 

radiation facility is able to provide radiation of a very broad spectral range with very high 

intensity. High-energy electrons are deflected in magnetic fields, losing energy in a form of 

synchrotron radiation. A scheme of a typical synchrotron is shown in Figure 16. All 

synchrotron facilities differ in their setup, electron energy, mode of operation, etc. Typically 

they consist of:71 

1. An electron gun (1) 

2. A linear electron accelerator (2) 

3. A booster ring which accelerates the electrons to their final energy (3) 

4. A storage ring in which the electron beam is maintained on a specific orbit (4) 

a. Magnetic fields focus the beam and keep the electrons in that orbit 

b. Wiggler or undulator devices which produce the synchrotron radiation by 

deflecting the electrons in magnetic fields 

5. Beamlines tangential to the storage ring at the wiggler/undulator positions to receive 

the generated light beam 

 
Figure 16 Schematic illustration of a synchrotron facility. It consists of an electron gun (1), a linear accelerator (2), 
a booster ring (3), a storage ring (4) and several beamlines (5). (© SOLEIL synchrotron. Adapted with permission 
from Ref. 84) 

As the electron beam is deflected by the magnetic fields of a bending 

magnet/wiggler/undulator, it emits a spectrum of radiation along its path which is received by 

the beamline, schematically illustrated in Figure 17. One of the first components of a beamline 
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is a cooled slit serving as an aperture. This is necessary to reduce the heat load which is 

otherwise deposited on the following optical components. In the optical hutch the beam is 

collimated by a first mirror. In the DCM the beam is diffracted according to the Bragg law 

UV =  2W XYU�Z�  (13) 

on both crystals (n – positive integer giving the order of diffraction, λ – wavelength of the 

incident beam, d – distance between the lattice plane, θ – diffraction angle). The 

monochromatized beam is then focused by the second mirror onto the sample in the 

experimental hutch. The first ionization chamber measures (cf. Figure 17), the intensity of the 

incident beam. There are different experimental modes for measurement of an X-ray 

absorption spectrum.  

In transmission mode the absorption of the sample is measured before and after the sample 

with the help of the first and the second ionization chambers (Equation 4). Between the 

second and third ionization chambers a reference compound, commonly a thin metal foil, is 

positioned. This reference which has its absorption edge close to the edge of the investigated 

element is used for calibration of the DCM beamline and alignment of the spectra. In a 

fluorescence mode measurement, the emitted fluorescence of the sample is detected using a 

solid-state fluorescence detector. This detector records a complete emission spectrum. The 

energy range corresponding to the emission line of the element of interest is selected. Both 

modes can be considered as conventional XAS setup.71, 85 For advanced HR-XANES 

investigations, the fluorescence detector is exchanged with a MAC-spectrometer.54  

 
Figure 17 Schematic illustration of a typical beamline (angles and distances are not to scale). The synchrotron ring 
with its radiation producing devices are named as “source”. The ionization chambers are abbreviated as ICn. 
(Reproduced with permission from Ref. 54) 

In the following section, the MAC-spectrometer build and installed by the Helmholtz Young 

Investigator Group (HYIG) with principle investigator Tonya Vitova is described.86 The 
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spectrometer (cf. Figure 18) has been commissioned at the INE-Beamline for Actinide 

Research5 at Angströmquelle Karlsruhe (ANKA)87 synchrotron radiation facility as part of the 

doctoral project of Prüßmann.54 In 2016 it was moved to the recently built and commissioned 

ACT-Beamline at ANKA (cf. Figure 19).88  

 

 
Figure 18 3D CAD model (left) and pictures of the MAC-spectrometer setup including the He environment chamber.  

 
Figure 19 Schematic illustration of the ACT-Beamline and photographic pictures of the installed spectrometer 
including He environment chamber.  

The spectrometer is an adapted design of the spectrometer used at the ID26-Beamline at the 

European Synchrotron Radiation Facility (ESRF).67 It is built in Johann geometry89 for up to five 

spherically bent analyzer crystals with 1 m bending radius. Sample, crystal and detector are 
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positioned on a Rowland circle, whose diameter equals the bending radius of the crystal 

(cf. Figure 20).  

 
Figure 20 Schematic illustration of the Johann geometry applied for the MAC-spectrometer (left). (Reproduced with 
permission from Ref. 90) Picture of the installed spectrometer at the INE-Beamline at ANKA. The paths of the incident 
and fluorescence X-ray beams are indicated in red. 

The selection of an emission energy can be achieved via the same diffraction principle as in the 

DCM. The position of the individual crystal is calculated according to the type of crystal (Si/Ge) 

used and the required Bragg angle.90 Each of the five crystals possesses four degrees of freedom 

as shown in Figure 21.  

 
Figure 21 Crystal positioning stages with four degrees of freedom for each crystal to fulfil the Bragg condition for 
the desired energy. Only four of the five crystals are mounted. (Figure taken from Prüßmann, doctoral thesis)54 
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For An M edge HR-XANES investigations a He atmosphere is essential as photons with an 

energy of 3–4 keV are absorbed in air within several centimeters.91 Therefore, a He 

environment setup has been designed and assembled comprising the HYIG MAC-spectrometer 

and maintaining a 99% He-atmosphere (cf. Figure 22). 

 
Figure 22 He environment for the MAC- spectrometer for low energy HR-XANES measurements with energies of 
3-4 keV.  
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3. Experimental section 

Methods and Materials 

Raman Spectroscopy 

The polarized Raman spectra were measured at room temperature with a SENTERRA 

Dispersive Raman-Microscope equipped with an Andor CDD detector and a 10x or 20x objective 

with spectral resolution of 3-5 cm-1. Either a green (λ = 532 nm) or a red (λ = 785 nm) laser 

diode with a power of 10/25 mW (green laser) and 50 mW (red laser) was used for excitation. 

Spectra recorded in a spectral range of 90-1560 cm-1 (green laser) and 60-1560 cm-1 (red laser). 

For evaluation of the data the OPUS program (Bruker) was used.92 If not stated otherwise, the 

spectra were neither background corrected nor normalized. 

X-ray photoelectron spectroscopy (XPS) 

XPS spectra were recorded with an ULVAC-PHI, VersaProbe II spectrometer, X-ray source: 

monochromatic Al Kα (hν = 1486.7 eV), ellipsoidal shaped monochromator, source power 31 W, 

with an electron take-off angle of 45° (sample surface plane relative to analyzer). The X-ray 

beam had a diameter of 200 µm. Survey spectra were collected with an analyzer pass energy 

of 187.85 eV and a step size of 0.8 eV, high resolution spectra with an analyzer pass energy of 

23.5 eV and a step size of 0.1 eV (FWHM Ag 3d5/2 line 0.67 eV). 

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

Scanning electron microscopy images were recorded on a FEI Quanta 650 FEG instrument 

equipped with a field emission electron source and an Everhart-Thornley-Detector for 

secondary electron detection in high vacuum. Images were recorded by a backscattered 

electron detector. In Environmental Scanning Electron Microscope (ESEM) mode, an 

atmosphere of 50 or 60 Pa of water vapor was maintained inside the analysis chamber. EDX 

was performed with a Thermo Scientific UltraDry Silicon drift detector and the data were 

evaluated by the NSS software, version 3.3 (Thermo Scientific). 

Transmission electron microscopy (TEM) 

Samples for transmission electron microscopy (TEM) were crushed in a mortar, mixed with 

ethanol and dispersed on a carbon thin film on a Cu grid sample holder. The electron beam was 

accelerated with 200 kV in a FEI Tecnai G2 F20 X Twin microscope.  
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X-ray powder diffraction (XRD) 

The X-ray powder diffractograms were recorded with a Bruker Advance D8 diffractometer 

using Cu-Kα-radiation (λ = 0.15406 nm) and Bragg-Brentano (θ-2θ)-geometry (U= 40 kV, 

I = 40 mA). If not stated otherwise, the samples were measured at room temperature with a 

step size of 0.01° while rotated with 15 min-1.  

Infrared spectroscopy (IR) 

The IR spectra were recorded at room temperature with a Bruker IFS55 Equinox spectrometer 

in a Pike MIRacle ATR cell in a spectral range of 400-4000 cm-1 with a spectral resolution of 

4 cm-1 and a scanning speed of 5 kHz. The instrument is equipped with a DLaTGS detector. 

Powder samples were investigated. For evaluation of the data the OPUS program (Bruker) was 

used. For better identification spectra were stretched along the y-axis. 

Extended X-ray absorption fine structure spectroscopy (EXAFS) 

An L3 EXAFS investigations are described in Section 4.1.1 and 4.2.1, respectively.  

High-energy resolution X-ray absorption near edge structure (HR-XANES)  

U M4 (3728 eV), Np M5 (3664 eV) and Pu M5 (3775 eV) edge HR-XANES experiments have 

either be performed at INE-Beamline5 or at the CAT-ACT-Beamline88 both at ANKA 

synchrotron radiation facility in Karlsruhe, Germany. Some of the U M4 HR-XANES 

measurements were carried out at the ID26-Beamline93 at ESRF synchrotron in Grenoble, 

France. 

The same reference material was measured before and/or after each sample. If an energy shift 

was detected, the spectra of the sample were shifted accordingly. This procedure enables the 

comparison of spectra of one sample measured in different injection runs and experimental 

campaigns. Comparison of spectra measured at different beamlines is also possible following 

this procedure but any differences in the experimental energy resolution needs to be taken into 

account during the analyses. 

PyMca software package94 was used for data evaluation and merging of the spectra which were 

then plotted with the Origin software95.  

 ID26-Beamline, ESRF93 

At the ID26-Beamline, the DCM was equipped with two Si(111) crystals. Higher harmonics 

were rejected by three Si mirrors at an angle of 3.5 mrad (U M4 edge) relative to the incident 

beam. The beam size was focused to ca. 0.150 mm vertical and 0.450 mm horizontal size. An 

identical in construction MAC-spectrometer as installed at INE- and later CAT-ACT-Beamline 
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and described in Section 2.2.3 was also used at ID26-Beamline. A bag made of synthetic foil 

and filled with He gas was installed between the sample, the crystals and the detector to 

minimize intensity losses due to scattering and absorption of photons in the tender X-ray 

regime. The X-rays entered and left the He bag via polypropylene windows.  

The energy resolution was determined to be 0.7 eV by measuring the FWHM of the elastic peak 

(cf. Table 1). 

 INE-Beamline, ANKA5 

The INE-Beamline covers an energy range of 2.1-25 keV. A 1.5 T bending magnet generates a 

photon flux of 1010 photons/s at the Pu L3 edge. The primary X-ray beam was vertically 

collimated by a cylindrically bent Rh coated mirror, monochromatized by a Si(111) DCM and 

focused by a toroidal double-focusing Rh coated mirror to 0.5 × 0.5 mm2 onto the sample 

(cf. Table 1). A detailed description of the INE-Beamline is reported by Rothe et al.5 

 CAT-ACT-Beamline, ANKA88 

The primary X-ray beam was vertically collimated by a cylindrically bent Si coated mirror, 

monochromatized by a Si(111) DCM and focused by a toroidal double-focusing Si coated 

mirror to 1 × 1 mm2 onto the sample (cf. Table 1). A detailed description of the INE-Beamline 

is reported by Zimina et al.88 

 HR-XANES experiments 

U M4 (3728 eV), Np M5 (3664 eV) and Pu M5 (3775 eV) edge HR-XANES spectra were recorded 

by using a MAC-spectrometer, described in Section 2.2.3. The same spectrometer is used at 

the INE-Beamline and the CAT-ACT-Beamline. The X-ray fluorescence was diffracted by five 

spherically bent Si(220) crystal analyzers (Saint-Gobain Crystals, France) with 1 m bending 

radius and focused onto the single diode VITUS KETEK silicon drift detector (SDD). The crystals 

were aligned at the Bragg angles listed in Table 32 in the Appendix. The sample, crystals and 

detector were arranged in 5 vertical Rowland circles intersecting at the sample surface and the 

detector entrance window.90,54 A gas tight box enclosing the spectrometer and the sample 

maintaining a constant He atmosphere during all measurements was installed to avoid 

intensity losses due to scattering and absorption of photons in the tender X-ray regime.  

For Pu M5 and U M4 edge HR-XANES studies, the DCM was calibrated by assigning 3775 eV and 

3728 eV to the maximum of the main peak of the spectrum of a PuO2 and a UO2 reference 

sample, respectively.  

At the CAT-ACT-Beamline to achieve the highest resolution, the beam size was confined to 

500 x 500 µm size by applying a pinhole in front of the sample and additional masks giving 

access only to the central section of the analyzer crystals.  
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Details about the Np M5 HR-XANES studies are reported in Section 4.2.1. 

Table 1 Beamtime characteristics of the An M4,5 HR-XANES measurements. 

Date Beamline DCM 
Spot size 

(mm2) 
Pinhole 

Focusing 
mirror 

Energy resolution 
Photon flux 
(photons/s) 

April 
‘14 

ID26, ESRF Si(111) 
0.15 x 
0.45 

-  0.7 eV elastic scattering 1013 (4 keV) 

June 
‘14 

ID26, ESRF Si(111) 
0.15 x 
0.45 

-  0.7 eV elastic scattering 1013 (4 keV) 

Sept 
‘14 

INE, ANKA Si(111) 0.5 x 0.5 - Rh 3.73 eV FWHM PuO2 1010 (18 keV) 

March 
‘15 

INE, ANKA Si(111) 0.5 x 0.5 - Rh 
1.2 eV elastic scattering 

(3349 eV) 
1010 (18 keV) 

Nov 
‘15 

INE, ANKA Si(111) 0.5 x 0.5 1 mm Rh 
1.65 eV elastic scattering 
(3341.0 eV), 3.27 FWHM 

PuO2 
1010 (18 keV) 

Nov 
‘16 

CAT-ACT, 
ANKA 

Si(111) 1 x 1 
500 x 500 

µm slit 
Si 2.73 eV FWHM PuO2 1012 (20 keV) 

 

 Redox references 

The Pu(IV)O2 reference sample #1 was prepared as follows: PuO2 powder was filled in the hole 

of a stainless steel washer with 15 mm diameter which was glued on a Kapton tape. Washer 

and PuO2 powder were covered with 13 µm Kapton foil and sealed with a Kapton tape. Two 

more washers were used to create a second independent containment by using 8 µm Kapton 

foil and a Kapton tape. Pu(III) and Pu(VI)O22+ reference solutions #2 (0.02 M each) were 

electrochemically prepared in 1 M HClO4/NaClO4. They are denoted as Pu(III)aq and    

Pu(VI)aq.56, 69 The Pu(III) and Pu(VI) oxidation states were confirmed (99% purity) by Vis-NIR 

spectroscopy. The preparation and characterization of the PuO2 reference sample #3 is 

described by Prieur et al.96. For pellet pressing, 1 mg PuO2 was mixed with 20 mg BN. The 

sample was placed in the inner parts of Al cell (cf. Figure 46). The inner and outer 

compartments of the cell were covered with Kapton windows with 13 and 8 µm thick Kapton 

foils, respectively. 

The preparation and characterization of the PuO2 reference sample #3 is described by Prieur 

et al.96. For pellet pressing, 1 mg PuO2 was mixed with 20 mg BN. The sample was placed in the 

inner parts of Al cell (cf. Figure 46). The inner and outer compartments of the cell were 

covered with Kapton windows with 13 and 8 µm thick Kapton foils, respectively. 

The preparation and characterization of the solid samples #4, #5, and #6 NpO2(am,hyd)97, 

Ca0.5NpO2(OH)2·1.3H2O98 and Na2Np2O7(cr)99 are described in Fellhauer et al.100, 101 2 mg of Np 

containing suspension was used for each Np sample. The samples were placed in the inner 

parts of Al cells (cf. Figure 46). The inner and outer compartments of the cells were covered 

with Kapton windows with 13 and 8 µm thick Kapton foils, respectively.  
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NpO2 crystallizes in the same CaF2-type lattice as UO2. Np is thereby coordinated by eight 

O atoms in a distance of ca. 2.35 Å.102 The Np(V) reference compound exhibits neptunyl 

structure with two short-bound O atoms similar to the uranyl structure. Na2Np2O7 forms a 

monoclinic crystal lattice in which Np is bound to O atoms in 1.64 Å and 2.55 Å distance in a 

neptunate structure.103  

U containing metastudite mineral served as a U(VI) reference #7. The material was crushed, 

mixed with cellulose powder and pressed to a 13 mm pellet with approximately 1 mm 

thickness by a hand press. 

The UO2 pellet #8 had a mass of 900 mg and an activity of ca. 11000 Bq. It was kept at ambient 

conditions. It was sealed in a containment of 8 µm and 13 µm Kapton foil by Kapton tape. U4O9 

and U3O8 (#9 and #10) were provided by JRC-Karlsruhe. U3O8 was prepared by oxidizing UO2 

powder in air at 1000 °C for 8 h. The obtained powders were pressed and sintered in air. U4O9 

was prepared by mixing UO2 and U3O8 powder in order to obtain a UO2.25 stoichiometry, 

followed by pellet pressing and heating at around 400 °C in an H2/H2O or CO/CO2 atmosphere 

maintaining a suitable O potential to obtain U4O9. 

Table 2 Redox reference samples used in different beamtimes.  

No. Reference Oxidation state Provided by Used in beamtime 

#1 PuO2 Pu(IV) KIT-INE (Bohnert/Bahl) 
March ‘15 

Nov ’15 
Nov ‘16 

#2 Pu(III) aq and Pu(VI)aq Pu(III) and Pu(VI) KIT-INE (Pidchenko) Sept ‘14 
#3 PuO2 Pu(IV) JRC-Karlsruhe (Prieur) Sept ‘14 
#4 NpO2(am) Np(IV) KIT-INE (Fellhauer/Gaona) March ‘15 
#5 Ca0.5NpO2(OH)2·1.3H2O Np(V) KIT-INE (Fellhauer/Gaona) March ‘15 
#6 Na2Np2O7 Np(VI) KIT-INE (Fellhauer/Gaona) March ‘15 

#7 Metastudite U(VI) KIT-INE (Pidchenko) 
Sept ‘14 
Nov ’15 
Nov ‘16 

#8 UO2 U(IV) KIT-INE (Bohnert/Bahl) 
Nov ’15 
Nov ‘16 

#9 U4O9 U(IV) and U(V) JRC-Karlsruhe 

April ‘14  
March ‘15 

Nov ’15 
Nov ‘16 

#10 U3O8 U(V) and U(VI) JRC-Karlsruhe 

April ‘14  
March ‘15 

Nov ’15 
Nov ‘16 

#11 γ-UO3 U(VI) JRC-Karlsruhe (Cameco) 

April ‘14 
March ‘15 

Nov ’15 
Nov ‘16 

#12 UO2 U(IV) JRC-Karlsruhe 
April ‘14 
Sept ‘14 
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The preparation of the UO2 reference #8 is described in Section 5.1 (sample U3). #9 to #12 

were presses cellulose pellets with diameter of 4 mm and 5 wt% U. γ-UO3 (#11) was 

commercially obtained (Cameco Corp.) while #9, #10 and #12 were synthesized by 

JRC-Karlsruhe.  
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4. Actinide (An) characterization in a Pu rich and genuine nuclear waste 

glass 

4.1. Pu rich borosilicate glass 

High-level nuclear waste with low Pu content is typically generated from reprocessing of 

commercial spent nuclear fuel (SNF) and is commonly immobilized in glass matrices 

(cf. Section 2.1.2). Borosilicate glass is most often applied for example in France, USA, India 

and UK.32, 33, 104, 105 The quantity of Pu is well below 1 wt% in these waste glass products and Pu 

management is of less consideration compared to highly radioactive fission products and 

volatile (e.g., Cs and Tc) as well as low-soluble (e.g., Mo, Pt, Ru etc.) constituents of SNF. 

Pu enriched defense waste is of high concern and requires tailored immobilization strategies.3 

Waste products of chemically and microstructurally homogenous nature are often an essential 

requirement for its safe long-term disposal in an underground nuclear waste repository 

(cf. Section 2.1). Beside crystalline ceramics, borosilicate glasses are also discussed as 

appropriate matrices.106 However, formation of separate phases heterogeneously distributed 

in the glass can lead to differential swelling and/or poor leaching performance in a worst case 

scenario of ground water intrusion.35, 50 The Pu solubility is restricted to a few weight percent 

in most common glasses. Vienna et al. composed an alumosilicate glass, which is able to 

incorporate up to 11 wt% of PuO2 in its matrix.107 A higher Pu loading was only reported by 

Feng et al.108 By reducing Pu to its trivalent state, during vitrification, an equivalent to 

10-25 wt% PuO2 was homogeneously incorporated in a glass matrix without forming any Pu 

rich agglomerates. This study illustrates that not only the glass composition, but even to higher 

extent the oxidation state of Pu is the crucial factor for the Pu solubility in glass matrices. 

Likewise Schreiber and Balazs demonstrated that up to 40 wt% U(VI) can be incorporated, 

whereas the solubility limit for U(IV) does not exceed 9 wt%.109 This behavior can be explained 

by the mechanism describing the accommodation of the actinide (An) elements in the glass 

network. Depending on their oxidation state, the An can play the role of either network-forming 

or network-modifying elements and thereby their solubility limits can be greatly variable 

(cf. Section 4.2). Deschanels et al. concluded, that the way of incorporation can be predicted 

for all cations according to their charge and distance to the next oxygen atoms (Dietzel’s field 

strength).35 The Pu(III) resembles the network-modifying elements while the Pu(IV) species 

has more a network-forming behavior. 

Tailored glass compositions and vitrification processes leading to desired oxidation states of 

the An elements require sensitive characterization methods. One of the widely used tools for 
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determination of the oxidation states of the An elements is the An L3 edge X-ray absorption 

near edge structure (XANES) technique (cf. Section 2.2.1). However, due to the large spectral 

core-hole lifetime broadening contributing to the An L3 edge XANES (7.8 eV)70, the spectrum is 

insensitive to the presence of minor amounts of An oxidation states.57, 110 

Deschanels et al. studied the Pu solubility in borosilicate glass and prepared several 

homogeneous glasses with increasing Pu content (0.85-8 wt% PuO2) and variable amount of 

reducing agent.35 They characterized the Pu oxidation state by the Pu L3 edge XANES technique 

and reported stabilization of Pu in its tetra- and trivalent oxidation states. We have reexamined 

the oxidation states of Pu in the same glass samples reported by Deschanels et al. applying the 

more advanced Pu M5 edge high-energy resolution XANES (HR-XANES) method. The An M4,5 

HR-XANES technique recently emerged as a valuable direct probe of the An 5f valence orbitals, 

which are largely responsible for the chemical bonding in the An compounds.5, 6, 68, 69, 78 It was 

demonstrated that the spectra are very sensitive to the An oxidation states and allow, e.g., to 

distinguish between U(IV), U(V) and U(VI) species when mixed in the same material, not easily 

possible with other spectroscopy techniques (cf. Section 2.2.2).6, 110, 111 This method probes 

the bulk of the material (1 µm penetration depth) and does not require vacuum conditions as, 

e.g., the laboratory based surface sensitive X-ray photoelectron spectroscopy (1-10 nm 

penetration depth). Due to the drastically reduced core-hole lifetime broadening (0.5 eV)69 

contributing to the spectrum compared to the Pu L3 absorption edge (7.8 eV)70 and the 

improved experimental energy resolution, the spectral resolution is significantly enhanced, 

providing more reliable access to the An oxidation states. 

We provide new insights into the redox behavior of Pu, which controls its solubility in glass 

matrices. The Pu oxidation state and its local atomic environment, probed with Pu L3 edge 

EXAFS, are correlated to the applied vitrification conditions and the added amount of reducing 

agent. The first application of the Pu M5 edge HR-XANES technique for oxidation state 

characterization of Pu with the specific example of Pu incorporated into borosilicate glasses is 

reported. We demonstrate the need for development and application of such advanced 

methods for investigations of complex nuclear waste products. 
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4.1.1. Experimental 

Preparation of samples 

The Pu doped glasses were synthesized and prepared in the Atalante laboratories of the 

Commissariat à l'énergie atomique et aux énergies alternatives (CEA) Marcoule Centre, France. 

The chemical composition of the Pu glass and the preliminary structural analyses can be found 

in the publication of Deschanels et al.35 

Table 3 Glass frit compositions used to vitrify Pu.35 

(a) Complex composition (wt%) 
SiO2 45-46 Li2O 2 Cs2O 1 
B2O3 14-15 Fe2O3 3 BaO 0.5-0.6 
Na2O 10-11 MoO3 2-3 SrO 0.3-0.4 
Al2O3 5 ZrO2 2-3 REE oxides 3-4 
CaO 4 ZnO 2-3 Other oxides 2-3 

(b) Simplified composition (wt%) 
SiO2 59 Al2O3 4.3 ZnO 3.2 
B2O3 18 CaO 5.2 ZrO2 0.7 
Na2O 7 Li2O 2.6   

 

Two different base glass compositions were used for the synthesis. For the glasses molten at 

reducing conditions (G2-G4, cf. Table 3 (b)) a simplified composition was used instead of the 

complex composition applied for the G1 glass (cf. Table 3 (a)). As the simplified composition 

contains the major constituents of the complex composition, both glasses are considered to be 

structurally similar. This was additionally shown by molecular dynamics calculations.112 

Pu-239 oxide (cf. Table 33 in the Appendix) dissolved in 1.6M nitric acid solution under 

aerobic conditions was added to the glass frit before melting. No redox state adjustment and 

no redox state analysis was performed for the Pu solutions. Reducing conditions were obtained 

by adding Si3N4 for the G2-G4 samples (cf. Table 4). R corresponds to the quantity of Si3N4 

used in relation to the amount of Pu. It was experimentally optimized by studying the reduction 

of Ce(IV) to Ce(III) in the same glass and synthesis conditions but without HNO3 feeding.113 A 

theoretical R value of 0.07 did not yield any Ce(III). Therefore, the reducing agent was applied 

with threefold excess obtaining predominantly Ce(III). For application to the Pu glass the 

required amount was calculated and increased across-the-board 50% to consider the feeding 

via HNO3. The nitrate salts are reduced to NOx species, consuming addition electrons. As every 

Si3N4 molecule delivers at least 20 electrons (assuming the N oxidation to NO), per Pu atom 

ca. 0 (G1), 14 (G2), 22 (G3) and 29 (G4) electrons were available without considering the 

nitrate reduction and oxidation processes by air which cannot be quantified with the available 
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data. As redox processes in glass melts are always influenced by several parameters, the 

stoichiometric reaction control is challenging. Therefore, these values are only for orientation 

and the redox system was optimized by using the Ce(III) surrogate system. R is listed along 

with the Pu loading in Table 4. 

The four Pu doped glass samples G1-G4 were mounted in a Plexiglas cell equipped with Kapton 

windows with 13 and 8 µm thickness serving as inner and outer containment, respectively 

(cf. Figure 94 in the Appendix). This preparation was performed in the glove boxes of the 

Atalante laboratories by S. Peuget and J. Delrieu. The custom-made sample holder was 

designed by A. Gensch and S. Bahl in the KIT-INE.  

Table 4 Fabrication characteristics of Pu doped glasses; R = m(Si3N4)/m(PuO2).  

Sample 
Melting 

temperature (°C) 
m(PuO2) (wt%) Atmosphere Crucible material R 

G1 1200 0.85 Ar Pt 0 

G2 1400 2.00 Ar Pt 0.37 

G3 1400 4.00 Ar Pt 0.56 

G4 1400 8.00 Ar Pt 0.73 

 

Methods and Materials 

Pu M5 edge HR-XANES spectroscopy 

The samples were investigated at the INE-Beamline and CAT-ACT-Beamline in November 2015 

and 2016, respectively, according to the setup described in Section 3. 

The used Pu references are listed in Table 2. For measurement of the Pu M5 edge HR-XANES 

(3775 eV) spectra the MAC-spectrometer described in Section 2.2.3 was used. Spectra were 

recorded with three different experimental energy resolutions, which we denote as “low” 

(recorded in September 2014 beamtime), “medium” (recorded in November 2015) and “high” 

(recorded in November 2016). The Pu(III)aq and Pu(VI)aq spectra were measured at the INE-

Beamline with low energy resolution. The spectra of the G1-G4 glasses and the PuO2 reference 

material were recorded with both medium (INE-Beamline) and high (CAT-ACT-Beamline) 

experimental energy resolutions (cf. Section 3, Table 2). The differences in the resolution are 

due to variations in the beam size on the sample and the experimental energy resolution of the 

DCMs at the two beamlines. To achieve the highest resolution, the beam size was confined to 

500 x 500 µm size by applying a pinhole in front of the sample and additional masks giving 

access only to the central section of the analyzer crystals. For the medium experimental energy 

resolution, the FWHM of the incident beam (3341.0 eV) elastically scattered from a Teflon 
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sample was 1.65 eV. The most intense absorption resonances of PuO2 spectra measured with 

the three different experimental energy resolutions exhibit a FWHM of 3.73 (low), 

3.27 (medium) and 2.73 eV (high resolution), respectively (cf. Section 3, Figure 23).  

 
Figure 23 Pu M5 HR-XANES spectra of PuO2 measured with different experimental energy resolutions.  

Pu M5 HR-XANES spectra for the PuO2 reference were measured after each Pu glass analysis to 

verify the calibration of the DCM. Spectra were recorded from 3760-3835 eV with varying step 

sizes (3760-3770 eV: 0.5 eV; 3770-3790 eV: 0.1 eV; 3790-3835 eV: 0.5 eV) and 10 (medium 

resolution)/ 30 (high resolution) s/step integration time. Typically, two to three scans were 

collected at room temperature and averaged. All spectra were normalized to the maximum 

absorption intensity. The energy positions of the different absorption resonances were 

obtained by fitting the spectra with several Gaussian and one arctangent function. The fit was 

performed with the Fityk curve fitting software v.0.9.8 (http://fityk.nieto.pl/) which uses the 

Levenberg−Marquardt least-squares algorithm (cf. Table 34 in the Appendix). Figure 95 in 

the Appendix depicts exemplarily the G1 spectrum and its fit.  

Pu L3 edge XAS spectroscopy 

Pu L3 edge XANES and EXAFS experiments were also performed at the INE-Beamline. The DCM, 

which is equipped with a D-MOSTAB, was used with two Ge(422) crystals and the spectra were 

recorded in transmission detection mode using three ionization chambers filled with Ar. 

Zr (K edge = 17998 eV) foil was simultaneously measured with all samples to control the 

energy calibration of the DCM. Four to six scans were collected at room temperature and 

averaged for each sample in the range of 17877-19306 eV; a 0.5 eV step size was used in the 

XANES region of the spectra and equidistant k steps (0.04 Å-1) in the post edge EXAFS region. 

The averaged Pu L3 edge XANES scans were normalized by subtraction of a linear background 

function from the featureless pre-edge region and normalization of the edge jump to unity. The 
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WL energy position was obtained by determining the x-axis intercept of the first derivative 

spectra.  

The EXAFS spectra (χ(k)) were extracted, Fourier transformed and modelled using the 

ATHENA and ARTEMIS programs included in the IFEFFIT program package.114 The spectra 

were weighted by k = 1, 2 and 3 within the k = 2.4-10.3 Å−1 range. Hanning windows with 

dk = 2 Å−1 sills were used (dk is the width of the sill used in the FT windows)115. The fit was 

performed in R space for R = 1.3-2.46 Å range. The single scattering paths used in the modelling 

were generated with the FEFF8.2 code using the PuO2 fluorite structure (ICSD collection code 

55456).116 The first coordination sphere was modeled by varying the distance to the absorbing 

atom, the Debye Waller (DW) factor and the energy shift of the ionization potential while the 

coordination number was fixed. In a second step, the coordination number was varied 

simultaneously with the DW factor obtained from the first step and the energy shift whereas 

the distance was fixed. The obtained goodness of fit (r factor) is 0.1% (r = 0.001) or 0.2% 

(r = 0.002), corresponding to the difference between data and model (cf. Table 35 in the 

Appendix). 

 

4.1.2. Results 

Pu L3 edge XANES 

Figure 24 depicts the Pu L3 edge XANES spectra of the Pu doped G1-G4 glass samples and the 

Pu(III)aq, Pu(IV)O2, Pu(VI)aq reference materials. The Pu L3 edge XANES spectra mainly describe 

dipole allowed electronic transitions from 2p to unoccupied 6d orbitals (2p3/2 →  6d). The 

energy positions of the abrupt increase in absorption (absorption edge) and the most intense 

absorption resonance typically shift to higher energies by reduction of the electronic density 

in the vicinity of the Pu atom nucleus; this energy shift of the spectrum is commonly used for 

oxidation state analyses. However, the spectra can also shift due to changes in the short and 

long-range atomic environment around the absorbing atom. For example, Conradson et al. 

found up to 2 eV energy shift of the WLs of the Pu L3 edge XANES spectra of several Pu(IV) 

materials with varying coordination environments.117, 118  

A well-known challenge is to differentiate between Pu(IV) and Pu(VI), where the latter tends 

to form short trans-dioxo bonds with lengths of 1.75 Å (Pu-yl, plutonyl) in both solid and liquid 

states (cf. Figure 27).119,120 Due to the strong covalence of the plutonyl bond, there is an 

accumulation of electronic charge on the Pu atoms. As a result, the 2p core-hole is well screened 
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and the WL positions of the Pu(VI) and the Pu(IV) spectra can coincide (cf. Figure 24). Note 

that the Pu L3 edge XANES of Pu(V) trans-dioxo species (axial bond length around 1.94 Å) is 

even shifted to lower energies compared to the spectrum of Pu(IV).117  

A trend indicated with solid black arrows can be observed in the spectra. The energy position 

of the WL of the G1 spectrum is slightly shifted to lower energies compared to the WL of the 

Pu(IV) reference spectrum suggesting contributions of Pu(III) in the G1 sample. For R values 

below 0.73 (G1-G3), mixtures of most likely tri- and tetravalent Pu are formed. The energy 

positions of the WLs of the G4 and the Pu(III) spectra coincide affirming the efficient reduction 

of Pu(IV) to Pu(III) in the G4 glass caused by the reducing agent (R = 0.73) (cf. Table 4).  
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Figure 24 Pu L3 edge XANES spectra of the G1-G4 glasses and the Pu(III), Pu(IV), Pu(VI) references.  

These results are in good agreement with the report of Deschanels et al., who also applied the 

Pu L3 edge XANES technique to investigate the Pu oxidation states in the glasses G1-G3.35 

However, these analyses cannot exclude potential stabilization of minor amounts of higher Pu 

oxidation states.  

 

Pu M5 edge HR-XANES  

Figure 25 (left) depicts the Pu M5 edge HR-XANES spectra of the G1-G4 glass samples and the 

Pu(III)aq, Pu(IV)O2, Pu(VI)aq reference materials. The Pu M5 edge HR-XANES spectra describe 

the dipole allowed transitions of 3d electrons to 5f unoccupied orbitals (3d3/2 → 5f), which 

contain most of the An valence electrons participating in the chemical bonding. The valence 

electronic configuration of metallic Pu is 7s25f6. In contrast to the Pu L3 edge XANES spectra, 

the Pu M5 edge HR-XANES reference spectra clearly shift to higher energies in the order Pu(III), 
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Pu(IV), Pu(VI); Pu(V) is difficult to stabilize, therefore no reference spectrum is presented. The 

spectra of the Pu(III)aq and Pu(VI)aq references were recorded with lower experimental energy 

resolution. This results in a larger broadening of the spectra. Considering the PuO2 spectra 

measured with variable experimental energy resolutions (cf. Figure 23) a shift towards lower 

energies of up to 0.1 eV can be expected for Pu(III)aq and Pu(VI)aq spectra if measured with a 

resolution comparable to the glass spectra. 

The G1 and the Pu(IV) spectra have very similar energy positions (cf. Figure 25, left), line B), 

which is a strong indication that Pu(IV) is the main species in the G1 sample. The G2-G4 spectra 

are shifted to lower energies with increasing R; the spectrum of G4 peaks at about the energy 

position of line A (3774.1 eV) marking the most intense absorption resonance of the Pu(III) 

reference spectrum. This general trend suggests a reduction of the Pu oxidation state going 

from G1 to G4 in agreement with the Pu L3 edge results.6 However, the G1-G4 spectra have 

asymmetric shapes. There are shoulders on the low (3774.1 eV) and high energy (3776.5 eV) 

sides of the G1 spectrum, which increase and decrease in intensity, respectively, going from 

the G1 to the G4 spectrum. These additional spectral features point to mixtures of Pu(III) (line 

A), Pu(IV) (line B) and a higher oxidation state of Pu. We infer that this spectral contribution is 

likely due to the presence of Pu(VI) (line C). Note that the shoulder positioned next to line C on 

the high energy side of the main peaks of the G1 and G2 spectra (3776.5 eV) nearly coincides 

with the main peak of the Pu(VI) reference. Pu(V) is less probable but it might be potentially 

stabilized in the glass matrix as well, therefore we cannot completely exclude its presence.  

We recorded the G1, G4 and PuO2 spectra with even higher experimental energy resolution. 

These spectra are depicted in Figure 25 (right). The shoulder C is well pronounced in the G1 

spectrum, affirming the formation of Pu species with an oxidation state higher than IV. The low 

energy shoulder corresponding to minor contribution of Pu(III) is now clearly distinguishable 

in the G1 spectrum.  

The high-energy resolution enables also distinct detection of Pu(III) and Pu(IV) in the G4 glass. 

The spectrum demonstrates formation of similar amounts of Pu(III) and Pu(IV). As the spectra 

of G1 and G4 in Figure 25 (right) were measured with a higher experimental resolution, a 

0.3 eV shift of the spectra towards lower energies can be expected compared to the Pu glass 

spectra measured with medium experimental resolution (cf. Figure 25, left). Figure 23 depicts 

PuO2 spectra recorded with different resolutions from which this shift can be deduced. The 

post-edge feature D in the Pu(VI) reference spectrum is characteristic for plutonyl69, 78 and 

describes transitions to the sigma antibonding (σ*) molecular orbital.78 A similar peak was 

reported recently also for uranyl by Vitova et al.78, 121 As feature D is not present in the spectra 
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of G1 and G2, we conclude that the potential Pu(VI) species does not form a plutonyl type of 

bonding. It is more likely that the Pu-O distances are elongated and the Pu is coordinated by a 

more symmetric set of O atoms than in the plutonyl case, i.e., in a plutonate structure.122 For 

example Pu can form PuO6n-polyhedra with octahedral coordination of six equidistant 

O atoms.123 It was previously shown that this peak is not present for U(V)/U(VI) species in 

U3O8, (U(V) and U(VI)) and U4O9 (U(IV) and U(V)), which are characterized by orthorhombic 

space group124 and cuboctahedron coordination,125 respectively.6 

Based on these experimental evidences we conclude that Pu(IV) mainly contributes to the G1 

and G2 glasses. This finding is in good agreement with literature reporting the formation of 

Pu(IV) in Pu doped borosilicate glasses melted in ambient conditions without reducing 

agent.113, 126 Adding Si3N4 to the vitrification feed mixture increases significantly the Pu(III) 

content as previously reported.35 Pu(III) then becomes a major constituent of the G3 and G4 

glasses. When considering the redox balance of the Si3N4 reaction with Pu(NO3)4, the reductant 

is in significant excess only in sample G4. Apparently, this is not sufficient to reduce all Pu to 

Pu(III).  
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Figure 25 (a) Pu M5 edge HR-XANES spectra of the G1-G4 glasses and (b) the G1, G4 glasses recorded with medium 
and high experimental energy resolutions, respectively. The Pu(III)aq and Pu(VI)aq spectra were measured with low 
experimental energy resolution.  

Pu L3 edge EXAFS investigations 

The EXAFS spectra of the G1-G4 glasses and their best fits are shown in k space in Figure 26 

(left). The analysis of the EXAFS region of the XAFS spectra provides quantitative information 

about the number and type of neighboring atoms as well as their distances to the absorbing Pu 

atom. The usable k-range is restricted by a signal at around 11 Å-1, which results from a minor 

(less than 0.2 % of the Pu amount) Am-241 contamination in the glasses. The Fourier 

transformed EXAFS (FT-EXAFS) spectra are depicted in Figure 26 (right) (back-transformed 
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FT-EXAFS spectra cf. Figure 96 in the Appendix). In all samples the Pu atoms are coordinated 

by ca. 5.5 O atoms (cf. Table 35 in the Appendix). The average Pu-O distance however changes 

from 2.25-2.27 Å for samples G1-G2 to 2.34 Å for samples G3-G4. This trend indicates that the 

effective charge on the Pu atoms decreases resulting in an increased bond length. This 

observation can be explained by the continuous reduction of Pu within the glass series as 

already revealed by the XANES/HR-XANES investigations. The fit results also illustrate that 

plutonyl bonds with lengths shorter than 1.8 Å are not formed, which is well in agreement with 

the results derived from Pu M5 edge HR-XANES. Note that the Pu(VI)-Oax bond length of 

plutonyl in nitric acid solution initially added is assumed to be 1.69-1.77 Å.127 

Figure 27 depicts the distribution of Pu-O bond distances for ca. 100 Pu compounds reported 

in the Inorganic crystal structure database (ICSD). The bond lengths obtained from the fit to 

our spectra are indicated by arrows. Pu(IV) is likely a major constituent of G1 and G2, whereas 

both Pu(III) and Pu(IV) are major constituents for the G3 and G4 glasses (cf. Figure 27, left). 

It is apparent that the increase of the Pu-O bond length with 0.09 Å from G1 to G4 leads to a 

bond length characteristic for Pu(III) compounds. No Pu(III) compound with Pu-O interatomic 

distances found for the G1/G2 samples is reported in the ICSD database. The short Pu-O bond 

lengths typical for the Pu(VI) and Pu(V) plutonyl species are visible in Figure 27 (right) below 

2 Å.  

The spectra display only one O coordination shell. Therefore, we can conclude that no Pu rich 

crystalline phases are formed in the glass matrix.  

Pu(VI) compounds forming a plutonate structure are coordinated mainly octahedrally by six 

O atoms with an average distance of ca. 2.2-2.3 Å.123 The finding of a Pu-O distance of 2.25 Å 

and 2.27 Å and a coordination of ca. 5.5 for samples G1 and G2 agrees well with the proposed 

Pu(VI) formation in a plutonate type of bonding. Those distances are, however, are also 

compatible with Pu-O distances in Pu(IV) compounds. A few Pu(V) compounds are listed in the 

database. The reported bond lengths are 0.17 Å longer than found for G1 and G2.  

Combining the outcome of HR-XANES and L3 edge EXAFS results, we have to conclude that the 

Pu species characterized by the C-feature in HR-XANES must be assigned to Pu(VI). 

The impact of the chemical composition of U on its speciation in glass vitrified in an Ar 

atmosphere has not been systematically investigated. But U(VI) nitrate solution and solid 

uranyl nitrate hexahydrate melted in aerobic conditions, at 1300 °C/1200 °C in borosilicate 

glass matrices form U-Oax bonds with 1.82 Å128 and 1.84 Å (cf. Section 4.2) lengths, 
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respectively. Those are longer than the 1.77129/1.75130 Å U-Oax bond lengths for the uranyl 

initially added. Hence, U(VI) and Pu(VI) appear to have similar behavior.  
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Figure 26 (a) Pu L3 edge EXAFS spectra of the G1-G4 glass in k space, (b) magnitude and imaginary part of the 
experimental FT-EXAFS spectra and their best fits (right). Experimental data are shown with colored symbols 
whereas solid black lines represent fit results.  

 

4.1.3. Discussion 

We report here for the first time that Pu(VI) can be stabilized during melting at 1200 °C 

(G1)/1400 °C (G2) in an Ar atmosphere. Stump et al. succeeded as well to incorporate major 

amounts of Pu(VI) during sol-gel synthesis at 100 °C obtaining a glass-like material.131 

However, successive heating to 800 °C completely reduced Pu(VI) to Pu(IV). UV-Vis 

spectroscopy was applied in this study to characterize Pu oxidation states, which is, however, 

not very sensitive for solid materials so that minor contributions of Pu(VI) cannot be excluded. 

Conditions stabilizing Pu(VI) in a borosilicate glass matrix are controversially reported in the 

literature. Stevanovsky et al. performed in 2010 Pu L3 edge XAS study and described partial Pu 

oxidation to Pu(VI) in a lanthanide borosilicate glass stored for more than 1.5 years in air.132 

On the contrary Hess et al. investigated 15 years old Pu doped borosilicate glass synthesized at 

1200 °C with different α-activities with Pu L3 edge XAS spectroscopy and found unaltered 

Pu(IV), even for high α-decay accumulations of 8.8 × 1015 to 1.9 × 1018 α-decays/g.126 Our glass 
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samples were exposed to a slightly lower activity level of 1 to 6 × 1016 α-decays/g. In a similar 

manner, Bouty et al. studied α-self-irradiation effects in an 8 years old Cm and Pu doped 

borosilicate glass synthesized at 1400 °C with around 6 × 1018 α-decays/g. 
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Figure 27 Statistics of Pu-O distances for ca. 100 Pu containing compounds reported in the ICSD database.133 The 
Pu-O distances obtained from the EXAFS fits for the G1-G4 samples are indicated with black arrows. 

In agreement with Hess et al. no effect of the radiation on the tetravalent Pu oxidation state 

was found.46 According to our investigations described above, it is apparent that the Pu L3 

XANES method is not sensitive to minor fractions of Pu redox species. As a result, minor Pu(VI) 

contributions possibly could not be resolved in those previous investigations. Due to the fact, 

that we found in our investigations Pu(VI) only in two samples, even though all four samples 

had the same storage and radiation exposure history, we suppose that Pu(VI) formation can be 

attributed to the synthesis process of the Pu-doped glasses rather than to storage conditions 

or radiation effects. It is more likely that Pu(VI) in our experiments forms due to the 

vitrification of Pu dissolved in 1.6M nitric acid. Tri-, tetra- and hexavalent Pu species can be 

stabilized in HNO3 solution at pH values below 2.119, 123 Despite melting under an Ar atmosphere 

Pu(VI) is apparently maintained in the glass. In case of the G1 glass sample redox active 

elements like Fe are present, while the G2 glass sample does not contain such components. The 

fact, that both glasses show the presence of Pu(VI), those elements seem to have minor impact 

on the Pu speciation.46  
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Our results suggest that when Pu dissolved in nitric acid is vitrified Pu(VI) species can be 

stabilized in nuclear waste glass along with other Pu redox species.  

The potential to incorporate Pu(VI) in a stable manner in a waste glass product, might be of 

interest for designing vitrification processes for Pu rich waste.  

The solubility behavior of Pu(VI) in borosilicate glass has not been systematically investigated 

so far. But as Pu cations in low oxidation states are believed to be incorporated in glass matrices 

in a similar manner as other An cations (e.g., U), it can be deduced that Pu(VI) is likely well 

soluble in borosilicate glass. Schreiber et al. reported a maximum U(VI) solubility in 

borosilicate glass of 40 wt%.109 This would even exceed the Pu(III) solubility equivalent to 

10-25 wt% PuO2 reported by Feng et al. by far and opens up the opportunity to vitrify Pu rich 

nuclear wastes in a very efficient and economical way. Depending on the isotopic composition, 

the limiting factor of the Pu loading will be more likely the risk of criticality rather than its 

solubility in the glass matrix. The United States Department of Energy (DOE), for example, 

restricts its waste acceptation criteria by a very conservative limit of 987 g fissile material per 

cubic meter of glass (approximately 0.04 wt%).134 Criticality issues could, however, be solved 

by addition of neutron absorbing elements like Gd and Hf, which is foreseen for the 

immobilization of Pu by incorporation in ceramics.135 

A preferential mobilization of hexavalent Pu from glass when in contact with accessing 

solutions in a repository is certainly of less relevance. In the long-term the Pu leaching rate is 

governed by the overall glass matrix dissolution, and is independent from the Pu oxidation 

state.22 The redox state of dissolved Pu species will then be determined by the given 

geochemical milieu and notably by the prevailing redox conditions. Usually, reducing 

conditions are expected due to iron canister corrosion resulting in relatively high 

concentrations of Fe(II) and H2 in the leachates. Pu will then exist in reduced oxidation states 

exhibiting low solubility, strong sorption to surfaces and potentially formation of mobile 

colloidal species.  

The Pu M5 edge HR-XANES investigations show that, the increasing contribution of Pu(III) can 

be correlated with the rising amount of added reducing agent. The HR-XANES method 

illustrates that Pu(IV) remains as the main redox species, even though Si3N4 is added in excess. 

A complete reduction to Pu(III) apparently requires the establishment of even stronger 

reducing conditions during the vitrification process. 
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4.1.4. Conclusion 

The Pu M5 edge HR-XANES method is clearly capable of detecting Pu(III), Pu(IV) and Pu(VI) 

being simultaneously present in a simulated nuclear glass sample. Quantitative analyses of the 

Pu species with different oxidization states are possible when spectra of appropriate reference 

materials are recorded under the same experimental conditions. Our study demonstrates that 

this characterization method can be used for monitoring the redox conditions in vitrification 

processes upon reductant addition. A clear correlation of Pu oxidation state distribution and 

added reductant amount is revealed. By partial reduction to Pu(III) the solubility of Pu in the 

borosilicate glass was increased to more than 8 wt% whereby no separated Pu rich phases 

could be identified.  

For complete reduction of Pu to the trivalent state in glass of similar chemical composition, it 

is necessary to add more reducing agent and to adjust R to a value higher than 0.73. This will 

most likely increase the Pu loading in the glass further.  

We also clearly detected for the first time formation of Pu(VI) species in glasses synthesized 

upon addition of a Pu solution in nitric acid. Further experiments are needed to verify if Pu(VI) 

yields higher solubility as compared to Pu(III). In case of an analogy of Pu(VI) and U(VI) 

behavior in glass, a solubility limit around 40 wt% can be expected.  

 

4.2. Genuine nuclear waste glass 

Reprocessing of nuclear fuel generates HLLW, which is commonly immobilized in borosilicate 

glass matrices to generate disposable waste forms (cf. Section 2.1.2). The long-term 

radiotoxicity of U and Pu, which have the highest contribution among the An elements, is of 

great concern in safety concepts for a nuclear waste repository. In case of water intrusion and 

interaction with the glass matrix, different corrosion processes will take place and release of 

radioactivity into the environment can potentially occur (cf. Section 2.1). The redox nature of 

these An elements has an effect on their release mechanisms from the glass and the retention 

processes taking place in near and far field of the repository (cf. Section 2.1.1.3). 

As part of safety assessment studies of a nuclear waste repository, self-irradiation effects of the 

waste forms have to be taken into account. α-radiation, emerging from An decay processes, 

plays the most important role due to the high number of ion displacements (1000-2000) per 

α-decay event. β and γ radiation, generated mainly by FP decay, produce in average less than 

one displacement per event and therefore it is a negligible part of the self-irradiation effects.136 
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But it might be able to induce charge transfer leading to charges of the chemical state of the 

radionuclides (cf. Section 4.2.2). Heating, ion displacement and the formation of He gas 

stresses the waste glass material and may affect its physical and chemical properties as well as 

its leaching behavior.47  

In the concept of a closed fuel cycle, An are separated and recycled leaving low An containing 

HLLW for direct vitrification (cf. Section 2.1.2). Sources of An rich wastes are defense wastes 

or residues from transmutation processes. Immobilization of these wastes in solid matrices is 

challenging due to the An solubility limits restricting the loading capacity of the glass matrix. 

Safety requirements demand predominantly chemical and microstructural homogeneous glass 

products. Heterogeneities can raise differential swelling, enhanced leaching rates or stress 

corrosion, detrimentally affecting the long-term performance. Solubility limits of An are 

influenced by their oxidation states, the vitrification temperature and vary also in a wide range 

as a complex function of the glass composition. Pu for example can be loaded in non-reductive 

conditions on most borosilicate glasses in relatively small amounts of a few wt%, rarely 

exceeding 1.5 wt%.35 Possibilities to enhance the U and Pu solubility in glass are discussed in 

Section 4.1. The adjustment of the An oxidation state plays a decisive role thereby.  

The oxidation state of metal species in borosilicate glasses depends on the redox conditions 

measured in oxygen fugacity fO2. In glasses synthesized under ambient conditions (air, 

fO2 ≈ 0.23 atm), U occurs predominantly as hexavalent uranyl species UO22+; U forms 

characteristic short bonds with two axial Oax (≈ 1.80 Å) and longer bonds with four or five 

equatorial Oeq atoms (≈ 2.23 Å). Lower oxidation states in glass are obtained for 

fO2 = 10-3 – 10-7 atm (mild reducing) or even 10-8 – 10-10 atm (reducing). Former conditions 

form U(VI) coexisting with U(V), which is found in a moderately distorted octahedral structure 

[d(U-O) ≈ 2.19–2.24 Å]. Latter results report exclusive formation of U(IV) species in a less 

distorted octahedral local symmetry [d(U-O) ≈ 2.26-2.29 Å].128 The trivalent state of U does not 

seem accessible even under most reducing condition.137 But ambiguous results suggesting 

stabilization of U(III) in a borosilicate glass were reported by Halse et al. for glasses reduced at 

fO2 = 10-18 atm.138 The reduction power, i.e., the oxygen fugacity, is changed by adding a 

reducing agent to the glass forming materials113 or performing the synthesis in a reducing 

atmosphere such as H2.139  

Spectroscopic methods giving access to the local coordination environment of U are rare. 

Optical spectroscopy provides information on the local symmetry of U sites but often shows 

constrains with respect to certain oxidation states and is difficult to apply for solid samples. 

Most challenging is the investigation of mixed oxidation states. XANES and EXAFS spectroscopy 
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can provide information on the local atomic environment averaged over all species of the 

probed element (cf. Section 2.2). With the HR-XANES technique applied in this work we 

address this challenge and resolve mixed An oxidation states present in the same sample 

(cf. Section 2.2.2).  

The aim of the here presented project is to probe the U, Np and Pu oxidation states and their 

local atomic environments in a genuine active waste glass obtained from an industrial 

vitrification process by U, Np and Pu M4,5 HR-XANES as well as U and Pu L3 EXAFS. Additionally, 

SEM-EDX, XRD and Raman spectroscopy will be applied. The HLW glass sample originates from 

the vitrification plant Karlsruhe (VEK), which was operational from 2009 to 2010 and vitrified 

approximately 55 m3 of HLLW producing 50 t of waste glass (cf. Section 6). Understanding on 

the speciation of U, Np and Pu in the VEK glass with complex chemical and radionuclide 

compositions will be gained. To the best of our knowledge there is only one study investigating 

HLW glass by spectroscopic techniques.74 Dardenne et al. applied An L3 edge XANES 

spectroscopy to investigate the An oxidation states in the VEK glass. This technique, however, 

is less sensitive to contributions of minor oxidation states in mixtures.  

U and Pu model glasses, which do not contain FPs, but have the same base glass matrix as the 

VEK glass were also synthesized and investigated. The comparison between genuine and 

model glasses allows to detect changes in the An redox states due to interactions with FPs 

and/or induced by the intense irradiation. Finally, the suitability of model glasses as surrogate 

materials for An focused structural investigations of nuclear waste glass is discussed. For Np 

M5 edge HR-XANES a Np doped R7T7 borosilicate glass matrix was used. Due to the difference 

in glass composition, it is not considered as model glass but is discussed in comparison with 

results from VEK glass Np speciation. 

Since we will gain molecular scale structural understanding of the inner waste barrier (the 

glass matrix) the results will contribute to the safety assessment of its storage and final 

disposal in a deep geological repository.  

  



57 
 

4.2.1. Experimental 

Preparation of samples  

VEK glass frit 

The VEK glass frit140 was synthesized from glass-forming oxides, carbonates and hydroxides 

(cf. Table 5). The mixture was homogenized in a shake-mixer (turbula) for 15 min, transferred 

to the Pt/Rh crucible, calcined for 1 h at 800 °C and heated up to 1200 °C for additional 2 h. The 

glass melt was quenched by pouring it on a stainless steel gutter. The remaining glass in the 

crucible was also quenched by pouring cold water on its outer wall. Contact between water and 

glass was avoided. Afterwards all the glass fragments were ground to powder in a vibratory 

disc-mill (1 min). To ensure homogeneity of the frit, the powder was re-melted for 2 h at 

1200 °C, quenched and milled again. The obtained powder was then used in the vitrification 

process.  

Table 5 Glass forming precursors used to produce the VEK glass. 

compound mass (g) 

SiO2 88.92 

B2O3 26.08 

Al(OH)3 7.02 

Li2CO3 12.83 

Na2CO3 31.11 

CaCO3 14.02 

MgO 3.26 

TiO2 1.78 

Total 185.01 

 

U model glass 

Three U doped samples (1.19, 3.0 and 5.0 wt% UO2) were prepared using uranyl nitrate 

(UO2(NO3)2·6(H2O)) and the produced VEK glass frit described in the previous section. Yellow 

UO2(NO3)2·6(H2O) crystals were pulverized and mixed with the VEK glass frit. The mixture was 

transferred to the Pt/Rh crucible, heated up to 1200 °C for 2 h and quenched afterward by 

pouring it on a stainless steel gutter. The remaining glass in the crucible was removed 

mechanically. Powder was obtained by grinding glass chips in an agate mortar. The target 

compositions are listed in Table 6. All preparations were performed in the controlled area of 

the KIT-INE by S. Bahl and V. Koldeisz.  
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Pu model glass 

Four Pu model glass samples were synthesized in the controlled area of the Directorate of 

Nuclear Safety and Security, JRC-Karlsruhe (European Commission). Inactive VEK glass frit was 

mixed with different amounts of PuO2 to obtain glass samples with PuO2 concentrations 0.2, 

0.5, 1.5 and 1.5 wt% PuO2 (cf. Table 6). Melting and annealing in a high-temperature furnace 

at 1200 °C (600 °C) for 3 h (3 h) as well as all the other manipulations were performed in a N2 

filled glovebox. Removal of the cold glass material from the Pt/Rh crucible took place without 

applying any mechanical force. The samples were partly crushed for further investigations. 

From each of the four samples, two fragments were embedded in resin for cutting and polishing, 

respectively. All preparations were performed in the controlled area of the JRC-Karlsruhe by C. 

Boshoven and S. Bahl. Embedding and polishing of the specimens was performed by M.-F. 

Mairead.  

Table 6 Target oxide composition of U and Pu model glass samples. 

Oxides 
(wt%) 

1.19 wt% 
UO2 

3.00 wt% 
UO2 

5.00 wt% 
UO2 

0.2 wt% 
PuO2 

0.5 wt% 
PuO2 

1.0 wt% 
PuO2  

1.5 wt% 
PuO2 

SiO2 56.37 55.34 54.20 56.94 56.48 56.20 56.94 
B2O3 16.53 16.23 15.89 16.70 16.56 16.48 16.70 
Al2O3 2.91 2.85 2.80 2.94 2.91 2.90 2.94 
Li2O 3.29 3.23 3.16 3.32 3.29 3.28 3.32 
Na2O 11.53 11.32 11.09 11.65 11.55 11.50 11.65 
CaO 4.98 4.89 4.79 5.03 4.99 4.96 5.03 
MgO 2.07 2.03 1.99 2.09 2.07 2.06 2.09 
TiO2 1.13 1.11 1.09 1.14 1.13 1.13 1.14 
UO2 1.19 3.00 5.00 - - - - 

PuO2 - - - 0.20 0.50 1.00 1.50 
Total 100 100 100 100 100 100 100 

 

Np doped glasses 

R7T7-type glass doped with 0.85 wt% Np-237 (2·105 Bq/g glass) was prepared in 1993 by the 

Alternative Energies and Atomic Energy Commission (CEA) in France and stored at INE for 

23 years in form of powder. The glass was elaborated under oxidizing conditions. Due to its 

long half-life of 2∙106 years, Np loss by decay can be neglected. The glass was prepared for 

HR-XANES measurements by fixing the powder on a Kapton tape and covering it by 13 µm and 

8 µm thick Kapton foils respectively.  

VEK genuine waste glass 

The investigated VEK glass sample originates from the hot vitrification activities of the VEK 

plant from 2009 and 2010. 55 m3 of HLLW were vitrified in a borosilicate glass matrix resulting 
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in a glass product loaded with 16 wt% of waste oxide. The complete description of the retain 

samples from the glass pouring process as well as the transportation can be found in the INE 

annual report 2010.141 A summary of the vitrification activities was reported by Roth et al.36 

Due to very high activities of the material, a small particle was selected for HR-XANES 

investigations from the glass samples available at INE (container 57). The particle has 1 mm2 

size, a weight of approximately 1 mg and a dose of ca. 200 µSv/h in contact (cf. Figure 29). For 

SEM-EDX investigation, another particle from container 57 was prepared. It is described in the 

SEM-EDX experimental paragraph.  

 

Methods and Materials 

X-ray powder diffraction (XRD) 

The samples were measured according to the description in Section 3. At room temperature 

the angular range of 2θ = 5-80° was measured with an integration time of 6.6-9 s per point. Pu 

model glass diffractograms were recorded with a different Bruker Advance D8 diffractometer 

in a range of 2θ = 15°-120° with a step size of 0.02°.  

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

The samples were measured with the electron microscope described in Section 3. The VEK 

glass fragment was cleaned in a super-sonic bath (isopropanol) prior mounting on double 

sided graphite tape on a metallic sample holder. The VEK glass particle investigated by XANES 

and EXAFS was obtained from the same glass container (container 57) but was not identical 

with the specimen prepared for SEM-EDX analysis. U doped glasses were embedded in resin, 

cut and polished. To establish electric conductivity, all specimens were covered with a nm thick 

layer of C in vacuum. EDX analysis of the U doped model glasses was performed before their 

surface was sputtered with Cr. The measurements were performed with electrons with energy 

of 30 keV.  

X-ray photoelectron spectroscopy (XPS) 

Glass samples were crushed by stainless steel and agate mortar and pestle. The powder was 

pressed into indium foil and mounted on a sample holder of the XPS spectrometer. XPS spectra 

were recorded as described in Section 3. 
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Raman 

The samples were measured according to the description in Section 3. The red laser with 

power of 25 mW and 50 mW was used for excitation and focused by the x10 objective onto the 

specimens.  

High-energy resolution X-ray absorption near edge structure (HR-XANES)  

Pellets were prepared by mixing ca. 20-30 mg of U glass with 3–10 mg of cellulose powder and 

pressing it to a pellet of approximately 1 mm thickness and 7 mm diameter with a manual hand 

press. They were fixed on the sample holder by double-sided graphite glue tape and sealed 

with 10 µm thin polypropylene film.  

U M4 edge (3728 eV) HR-XANES measurements of the U doped glass samples and references 

were performed at the ID26-Beamline, ESRF, Grenoble, France,93 in April and June 2014 

(cf. Section 3). Short pre-measurements (1–10 s per spectrum) were performed and carefully 

analyzed to check for X-ray radiation damage of the sample. All U model glass samples were 

stable to X-ray radiation. Spectra were recorded at different spots of the pellet for 

3722.4-3735.1 eV energy range with step size of 0.1 eV and a measuring time of ca. 2-5 min per 

spectrum. For each sample ca. 10 spectra were averaged.  

Pu M5 edge (3775 eV) HR-XANES data were recorded at the ANKA INE-Beamline, Karlsruhe, 

Germany,5 in Sept ’14 (cf. Section 3). The used Johann type spectrometer is described in 

Section 2.2.3 Spectra were checked for X-ray radiation damage effects by comparing spectra 

rapidly recorded on the same sample spot in the energy range of 3760-3835 eV. Step sizes of 

0.1 eV in the region of the WL and 0.5 eV for pre- and post-edge were used. Pu model glass 

samples were measured by setting the spectrometer to the maximum of the normal emission 

line (3350 eV). The VEK glass was recorded at the maximum of the emission line (3351.6 eV) 

exciting with an energy of 3777.2 eV (measured maximum of Pu M5 main peak) in the energy 

range of 3767-3791 eV. The difference led to a Pu main peak shift of the VEK spectrum towards 

higher energies of 1.7 eV which was corrected in the spectrum depict in Figure 39 

(cf. Section 2.2.2). 

Np M5 edge (3664 eV) HR-XANES data were recorded at the ANKA INE-Beamline in March ‘15 

at an energy range of 3654.0-3684.0 eV (VEK glass) and 3649.5-3728.5 eV (R7T7 glass). Step 

sizes of 0.1 eV in the region of the WL and 0.5 eV for pre- and post-edge were used. The samples 

were recorded by setting the spectrometer to the maximum of the normal emission line 

(3258.4 eV). 
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The Np redox references are described in Section 3.  

Extended X-ray absorption fine structure spectroscopy (EXAFS) 

EXAFS spectra of the U doped glasses have also been recorded at the ANKA INE-Beamline. The 

DCM, which is equipped with a D-MOSTAB, was used with two Ge(422) crystals and the spectra 

were recorded in transmission detection mode as a function of the incident photon energy, 

monitored by three ion chambers filled with Ar. A Y reference foil (K edge = 17038 eV) was 

simultaneously measured in transmission mode and used for energy calibration of the DCM. 

Typically, two to seven scans were collected at room temperature and averaged for each 

sample in the range of 16935-17924 eV with varying step sizes in the pre- and post-edge and 

WL region. No radiation damage was observed. The averaged U L3 edge XANES scans were 

normalized by subtraction of a linear background function from the featureless pre-edge 

region and normalized to the edge jump of unity.  

The oscillating χ(k) EXAFS part of the XAS spectrum was extracted, processed by FT and 

modelled by using the ATHENA and ARTEMIS programs, respectively, parts of the IFFEFIT 

program package.114 The single scattering paths were generated with the FEFF8 code.60 The 

χ(k) spectra within 2.6–14 Å−1 range were weighted by k = 1, 2 or 3. Hanning windows with 

sills equal to 2 (dk = 2) were used. The fit was performed in R space for 1.1–2.167 Å range. For 

each shell the coordination number was first fixed and the change in distance and the DW 

factors were varied. In a second step, the coordination number was varied simultaneously with 

the (obtained from the first step) DW factors, whereas the change in distance was fixed. The fit 

results are reported in Table 36 in the Appendix. 

Crucible 

The crucibles for the synthesis of the U (Pu) model glasses are made of 90% Pt and 10% Rh by 

Ögussa. They have a diameter of 28 mm (20 mm) and a height of 32 mm (23 mm). The 

remaining U glass was removed from the crucible by mechanical treatment. Irrespective of a 

small amount in the orders of milligrams, all material could be removed. The crucible was 

reused. Four crucibles used for melting of the Pu glass samples were not reused and therefore 

not cleaned. 

VEK glass frit was synthesized in a Pt/Rh 90:10 crucible with 6 cm diameter and 5 cm height. 

After mechanical removal of the remaining glass, the crucible was treated with 30% HF 

solution for approximately 12 hours for cleaning.  
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Furnace 

The furnace used for U glass synthesis was a N20/HR chamber furnace manufactured by 

Nabertherm. VEK frit was melted in a HT 04/17 chamber furnace also by Nabertherm. Pu glass 

samples were synthesized in a N2 atmosphere (less than 0.3% O2) in a customized (Linn High 

Therm) tube furnace with water cooled heat shielding in a glove box. 

Grinding tools 

Both U and Pu glass were ground mechanically with agate mortar and pestle.  

Mill 

A vibratory disc mill (Pulverisette 09.003 by Fritsch) with tungsten carbide grinding tools was 

used to grind the VEK glass frit. 

Chemicals 

The used chemicals were provided by VWR International and unless otherwise stated, used 

without further purification. PuO2 was provided by the INE. The isotopic composition is as 

follows: Pu-238 2.16∙105 Bq, Pu-239 7.70∙105 Bq, Pu-240 4.47∙105 Bq, Pu-241 2.31E∙107 Bq 

(0.39 mg Pu). 

 

4.2.2. Results 

U and Pu loaded model glasses were synthesized in order to serve as a surrogate system of the 

genuine waste glass. In the following the characterization of the U and Pu model glasses is 

discussed followed by the investigation of the VEK glass. The Np doped R7T7 glass is only used 

for comparison of the Np oxidation states in the Np M5 HR-XANES investigation and was not 

characterized with other methods. 

The U and Pu doped model glass samples are depict in Figure 28. It is known that a redox 

sensitive element can cause a glass to appear in different colors due to changes in excitation 

and transition energies in the range of visible light. The U model glass samples are colored 

predominantly yellow with a small contribution of green. These varieties of colors for U have 

already been known in 19th century. They were described by Franz Xaver Anton Riedel who 

produced the first U colored glass and named its varieties after his both daughters "Anna-gelb" 

(yellow) and "Eleonore-grün" (grün).142 The color varies with the amount of impurities, the U 
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concentration, the oxidation state of the coloring element and the synthesis conditions. An 

amber-yellow color, as found in the U model glass, is characteristic for high U concentrations. 

 
Figure 28 Photographs of Pu and U model glasses. UO2 content: a) 1.19 wt%, b) 3 wt%, c) 5 wt%. PuO2 content: d) 
0.2 wt% e) 0.5 wt% f) 1 wt% g) 1.5 wt%. 

The four Pu model glass samples were synthesized by the Directorate of Nuclear Safety and 

Security, JRC-Karlsruhe (European Commission), in the framework of a TALISMAN project 

(TALI_C03-01). The color of these glass products ranges from light green (0.2 wt% PuO2) to 

intensive dark green (1.5 wt% PuO2). All model glass samples appear transparent and do not 

show any visually detectable crystalline phases or phase separations. 

The VEK glass particle (m ≈ 1 mg) is shown in Figure 29. Several optical dark heterogeneities 

can be detected in the predominantly green glass.  

 
Figure 29 Light microscope image of the VEK glass particle. 

Model U and Pu glasses XRD 

The amorphous nature of the synthesized U and Pu model glasses was verified by powder XRD 

(cf. Figure 30). An content in all samples is below the U and Pu solubility limit in borosilicate 

glass (cf. Section 4.2.1). The XRD pattern are characteristic for amorphous glass samples. For 

the Pu glasses low intensity reflexes at 2 Theta of approximately 22.2° arise from the resin in 

which the Pu glass powder was embedded, whereas the high background at low 2 Theta angles 

is caused by X-ray scattering from the air and the slits. The U doped glasses were measured 

without to be embedded in a resin. Two different diffractometers were used for the U and Pu 

measurements therefore there are variations of the background. 
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Figure 30 Powder XRD diffractograms of the Pu and U model glasses. 

U and Pu model glasses Raman 

It has been previously reported that the U-O vibrations can provide information about the local 

structure and coordination of U.143 The Raman spectra of the U model glasses are dominated 

by a broad vibrational band at 767 cm-1 (FWHM: 50 cm-1) with rising intensity as a function of 

the U loading (cf. Figure 31). The region above 1000 cm-1 can be considered as a background. 

The 767 cm-1 band is assigned to the ν1 symmetric stretching mode of UO22+ with wavenumbers 

ranging between 790 cm-1 and 900 cm-1 for most uranyl minerals.143 High charge density anions 

such as SiO44- coordinated to U in the equatorial plane may cause elongation of the U-Oax bond 

length; as a result, the ν1(UO22+) stretching mode shifts towards lower wavenumbers. For 

example, kasolite, a uranyl mineral with SiO44- polyanion coordinated to the uranyl cation, is 

characterized by a U-Oax bond length of ca. 1.83 Å and the ν1(UO22+) appearing at 760 cm-1. The 

correlation between the frequency of the ν1(UO22+) and the U-Oax bond strength has been 

theoretically studied.144, 145 The frequency in wavenumbers appears to be inversely correlated 

to the averaged U-Oax bond length. The appearance of the ν1(UO22+) stretching band at 767 cm-1 

suggests that the U-Oax is longer than 1.8 Å in the model glasses. Additional insights are gained 

from the EXAFS analyses.  

Low intensity bands arising from bending modes ν2 of UO22+ expected between 200 cm-1 and 

340 cm-1 were not observed due to the high background level.143 
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Figure 31 Raman spectra of the VEK and U model glasses recorded with a 785 nm laser. 

The Raman results confirm the presence of U(VI) with uranyl type of bonding in the glass. The 

formation of UO2 cannot be excluded on the basis of the obtained data, because a possible 

contribution of its most intensive T2g vibration expected at approximately 445 cm-1 might be 

superimposed by the intense background.146 

The intensity of the 767 cm-1 feature can be directly correlated to the U content in the glass. 

The maximum intensity of the peak as a function of the U concentration in the glass can be 

modeled by a linear function with slope of 2.03 and a y-intercept of -0.82. This empirical 

relation can be used as a tool for estimation of U content in highly loaded glass samples 

(cf. Figure 32). The lack of intensive sharp peaks confirms absence of any crystalline phases in 

the U mode glasses. 
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Figure 32 Correlation diagram between vibration band intensity and U content in the three U doped model glass 
samples.  
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The XRD and the Raman results strongly suggest that U is distributed homogenously in the 

model glass. Crystalline phases are also not identified by optical as well as SEM-EDX analysis 

(cf. Figure 28 and Figure 33). EDX measurements were taken at 5 different spots of each 

sample in areas of approximately 50 µm x 50 µm. Results are shown in Table 7. The U content 

as determined by EDX deviates by ± 0.25 wt% from the target doping level.  

 
Figure 33 SEM micrograph of the 1.19 wt% (left), 3 wt% (middle) and 5 wt% (right) UO2 model glasses. The 
homogenous surface is covered with small glass pieces and dust particles resulting from sample preparation.  

Table 7 Averaged EDX results from 5 measurements of U doped model glasses. 

Element (wt%) C  O  Na  Mg  Al  Si  Ca  Ti  U  

1.19 wt% UO2 8.0 46.7 8.1 0.9 3.3 27.4 3.9 0.8 
exp.: 0.8 

target: 1.1 

3 wt% UO2 4.0 46.9 8.7 1.0 4.0 27.9 4.0 0.8 
exp.: 2.9 

target: 2.6 

5 wt% UO2 6.5 46.2 8.3 1.0 2.6 26.3 3.8 0.8 
exp.: 4.6 

target: 4.4 

 

Raman studies performed on the Pu model glasses show no vibration bands related to the glass 

samples (cf. Figure 34). The visible bands can be assigned to scattering from the containment 

materials. Due to radiation protection requirements, the samples had to be measured 

embedded in a resin matrix and covered by a Kapton foil. These results do not provide 

indications for the existence of any crystalline phases and are in agreement with the XRD 

results. A stretching mode characteristic for crystalline PuO2 would be expected at 478 cm-1.146 
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Figure 34 Raman spectra of the Pu model glasses recorded with a 785 nm laser. 

U M4 and Pu M5 HR-XANES of model glasses 

The HR-XANES investigations of the glasses were performed at different synchrotron facilities. 

The Pu containing model glasses and the VEK glass were measured at the INE-Beamline at the 

ANKA synchrotron radiation facility, U model glasses were studied both at the ID26-Beamline 

at ESRF synchrotron radiation facility and at the INE-Beamline to verify the reproducibility of 

the spectra. Beside a higher quality of the ID26-Beamline data, this was the case. Figure 35 

depicts the HR-XANES M4,5 edge spectra of the U and Pu model glasses.  
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Figure 35 Pu M5 (left) and U M4 (right) edge HR-XANES of model glasses and reference compounds.  

The Pu M5 edge spectra, left in the figure, do not reveal major differences as a function of the 

Pu content. The main absorption peak is located at 3776.0 eV, which coincides with the main 

peak position of PuO2. The main peak of the reference spectrum of Pu(III) in aqueous solution 

is shifted by 0.9 eV to lower energies. Pu(IV) is identified as the dominant Pu specie, which 

agrees with reported studies in the literature for Pu doped glass prepared in oxidative 
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conditions.126 Post-edge features labelled A, B and C in the bulk PuO2 spectrum arise from the 

scattering of the photoelectron from O and Pu atoms, which are periodically ordered in a 

crystal lattice (cf. Section 2.2.1). The absence of these features in the glass spectra confirm that 

Pu is dispersed in the glass and does not form Pu rich ordered clusters, for example in a form 

of PuO2. In Section 4.1 minor amounts of Pu(VI) were found. Its presence was attributed to the 

Pu feeding via HNO3 solution which oxidized the initial added PuO2 partially. The hypothesis 

proposed in Section 4.1 implies that a vitrification process performed in an inert gas 

atmosphere is able to maintain the initial Pu speciation. The obtained results are in agreement 

since Pu(IV) is found in the model glasses after adding PuO2 to the vitrification feed mixture. 

Figure 35 right depicts the U M4 edge HR-XANES spectra of the U model glasses compared to 

the spectra of the γ-UO3 and U4O9 references. γ-UO3 is a U(VI) oxide with a trigonal crystal 

system in which U is coordinated by six O atoms (average U-O distance: 1.78 Å) in a distorted 

octahedral geometry.121 Whereas U4O9 is a mixed-valence U oxide consisting of U(IV) and U(V) 

crystallizing in a cuboctahedron crystal lattice with different U sites (U-O distance: 2.0-2.2 Å125) 

(cf. Section 5).6, 125 The rising U content in the glasses does not influence the energy position 

of the most intense peak of the glass spectra. It is shifted by about +0.3 eV compared to the 

spectrum of γ-UO3, which indicates higher electronic density in the vicinity of the U atoms in 

the glasses. The glass spectra closely resemble that of the γ-UO3 spectrum. Petiau et al. 

measured conventional U M4 edge XANES of U doped glass samples.147 They found the 

spectrum to have a symmetric main peak and a shift of +1±0.2 eV compared to the spectrum of 

the UO2 reference. Optical spectra indicate the presence of U(V) and U(VI). The shift of the 

HR-XANES spectra reported in the present thesis is +1.8 eV (main peak of U in the glasses: 

3726.9 eV, main peak of UO2: 3725.1 eV). These results suggest the predominant existence of 

U(VI) oxidation state in all U doped model glass samples. However, there is visible a weak pre-

edge feature at ca. 3725.6 eV with decreasing intensity for high U content while the post-edge 

feature at 3731.8 eV rises. The behavior of this pre-edge shoulder as a function of the amount 

of doped U and the similarity of its energy position to the main peak of UO2 indicate minor 

contribution of U(IV) in the samples. It is an unexpected finding since the glasses were melted 

in ambient conditions and no redox active elements were added. The samples are very 

resistant to irradiation with high photon flux hence we exclude the possibility that U(IV) is 

formed by X-ray induced radiation damage (cf. Section 4.2.1). Optical UV-Vis spectroscopy 

performed to substantiate the HR-XANES result did not provide useful information due to the 

low contribution of the potential U(IV) species. It is a very minor effect of less than 5% 

estimated by linear combination of U(VI) with U(IV) spectra and is more pronounced for low 



69 
 

U content. Structural defects in the amorphous glass matrix might cause a local structural 

distortion of the U environment leading to a small broadening of the main peak.  

U XPS of model glass 

Surface analysis of the samples were performed by XPS. Both as-prepared and freshly 

powdered U model glass samples were investigated. Spectra of the three U model glass samples 

demonstrate 4f7/2 peaks at ca. 380 eV and 382 eV with similar intensity corresponding to U(IV) 

and U(VI), respectively; U(VI) satellite peak at 386 eV with low intensity is present too 

(cf. Figure 36). Modeling of the powder spectra leads to an U(IV):U(VI) ratio of approximately 

1:1 for the 3 wt% UO2 glass sample (cf. Table 8).  

 
Figure 36 XPS spectra of powdered U model glass samples (left) and fit of the 3 wt% UO2 sample XPS spectrum 
(right). Fit results are shown in Table 8. 

Table 8 Results from quantitative fit of the XPS spectrum of the 3 wt% UO2 glass sample shown in Figure 36.  

Position (eV) FWHM (eV) Height % Gauss Area % Area 

380.37 U(IV) 1.81 141 80 352 47.03 
382.25 U(VI) 1.81 152 80 379 50.64 
386.11 U(VI) 0.98 13 80 17 2.33 

 

Measurement of a 5 wt% UO2 glass chip reveals, that the U(IV) and U(VI) species are highly 

heterogeneously distributed on the glass surface. Five different positions on the glass chip 

were measured with a beam with diameter of approximately 200 µm (cf. Figure 37). All 

spectra show clearly coexistence of both U(VI) and U(IV) species.  

The high contribution of U(IV) found by XPS deviates from the results obtained with the U M4 

edge HR-XANES for the bulk of the sample. U(IV) is also not expected due to the oxidative 

preparation conditions. Testing the sample's sensitivity to radiation damage caused by 

irradiation with the X-ray beam with approximately 1.5 keV energy did not reveal any 

formation of U(IV). In fact, the exposure of the sample to the X-ray beam induced oxidation 
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from U(IV) to U(VI) (cf. Figure 36, right). This fact excludes radiation damage as possible 

explanation for the high U(IV) content.  

As XPS is a very surface sensitive method, probing the first few atomic layers of the specimens, 

a possible contamination with U(IV) containing material could explain the unexpected finding 

of large amounts of U(IV) and its heterogenous distribution. Also the reduction of surface U by 

the preparation procedure might be possible. Ollier et al. detected a similar effect investigating 

a U doped borosilicate glass in oxidizing conditions.148 The presence of unexpected U(IV) was 

determined by XPS analysis to ca. 20%. U M4 HR-XANES (not yet published) by Bahl et al. 

revealed the exclusive presence of U(VI) in the bulk of the sample investigated by Ollier et al.  

Another effect which might induce speciation artefacts in XPS measurements is the removing 

of O from the surface of certain materials by applying high vacuum to the sample. This might 

leave U in a reduced form while the O atoms are oxidized. This effect was used by Gasperi et al. 

to control the oxidation and reduction of Ce oxide thin films by changing the atmosphere from 

high-vacuum to a certain O2 partial pressure from room temperature to ca. 750 °C and 

simultaneous characterization by Ce L3 edge RIXS.149 

 
Figure 37 XPS spectra of as-prepared glass chip sample 5 wt% UO2 measured at 5 different positions (left) and 30 
scans measured at one position of the same sample (right). Each scan took approximately 10 min. 

Changes of the HR-XANES spectrum in Figure 35 (right) can be also potentially caused by a 

structural distortion of the local U atomic environment as a function of the rising U content. 

This is probed by U L3 edge EXAFS.  

U L3 EXAFS of model glasses 

The FT EXAFS of the glass loaded with 5 wt% UO2 and the fit to the spectrum are depicted in 

Figure 38 as an example. The spectrum is dominated by one peak and no additional 

coordination spheres of U are detected, which confirms that similar to Pu, U is dispersed in the 

glass matrix and does not form any ordered oxidic clusters.  
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Figure 38 U L3 edge EXAFS spectrum of the U model glass sample with 5 wt% UO2 in k space. Experimental data are 
shown as solid line whereas black symbols represent fit results (left). FT-EXAFS spectra of the same sample in R 
space. Magnitude and real part of the experimental data are shown as solid lines; symbols represent the fit results 
(right). 

The first coordination sphere of the FT-EXAFS spectrum was modeled with three U-O distances, 

2 O, 5.4 O and 3 O atoms at 1.84 Å, 2.29 Å and 2.62 Å, respectively (cf. Table 36 in the 

Appendix). The obtain results for the U-O bond distances and coordination numbers do not 

reveal significant differences for all model glass samples. Therefore, the observed trend in the 

pre-edge region of the U M4 edge HR-XANES spectra cannot be explained with a significant 

structural distortion in the direct vicinity of U.  

 
Figure 39 Pu M5 edge HR-XANES spectra of the VEK glass and the 0.2 wt% PuO2 model glass (left), U M4 edge 
HR-XANES spectra of the VEK glass recorded after different irradiation time of the same sample spot (right).  

The U coordination for the U doped model glasses is consistent with literature data from 

Farges et al. who investigated several U doped silica glasses and reports similar results for the 

U-O bond distances.128 Note that EXAFS probes the average local atomic environment of all U 
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atoms in the glass and it is not very sensitive to small structural changes. Therefore, the U(IV) 

species mainly visible for the lowest U concentration can be induced by minor local structural 

defects in the glass matrix, which are not detectable by EXAFS analyses. 
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Figure 40 U M4 edge HR-XANES spectrum of the VEK waste glass sample in comparison to the U doped glass with 
1.19 wt% UO2. The VEK glass spectrum represents the merged spectra depicts in Figure 39 (right). 

VEK glass Pu M5 and U M4 HR-XANES 

The Pu M5 edge HR-XANES of the genuine VEK glass and the 0.2 wt% Pu doped glass sample 

are compared in Figure 39. No significant differences between the two spectra are identified. 

The obtained results confirm that Pu(IV) is the main species also in the VEK glass. These results 

agree with Pu L3 edge XANES studies performed by Dardenne et al. on the same material.74 The 

low signal-to-noise-ratio due to the low Pu concentration of approximately 0.04 wt% PuO2150 

does not allow reliable interpretation of the post-edge part of the spectrum. According to the 

hypothesis proposed in Section 4.1, it might be possible that minor amounts of Pu(VI) exist as 

the VEK glass was synthesized adding dissolved HNO3 waste. If the presence of an inert gas 

atmosphere, which was applied in Section 4.1 but was not present in the VEK glass furnace, is 

required to obtain Pu(VI) remains unclear.  

In Figure 39 (right) the U M4 edge HR XANES spectra of the VEK glass are shown. They are 

measured after different irradiation time of one sample spot. A spectral feature at 

approximately 3725.2 eV characteristic for U(IV) gains intensity as a function of the irradiation 

time. X-ray induced radiation damage is known to occur when using highly intensive 

synchrotron radiation (cf. Section 23).151, 152 However, the observed radiation damage is 

unusually strong for irradiation with a beam with low photon flux of 109 photons/s (at 3.7 keV) 

and appears after only a few minutes of exposure. Remarkable is also the fraction of the 

reduced U atoms. Taking into account the changes of intensity, at least 50% of the initially 

present U(VI) is converted to U(IV) which might even lead to a structural rearrangement. An 

average of the radiation damaged spectra yields the spectrum depicted in Figure 40 in which 
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both oxidation states are well separated. Comparing the high-energy feature at approximately 

3727 eV for the genuine and the U model glass with similar U concentration, U(VI) can be 

identified as initially present in the VEK glass. The effect seems to be reversible. After repeating 

the experiment 14 months later, U(VI) was found initially in the sample, which we once more 

reduced to U(IV) upon irradiation.  

Clarification of the X-ray induced radiation damage mechanism is challenging. Conclusions can 

be drawn from the fact that radiation damage is observed for the VEK glass only but not for the 

U model glasses. The model glasses were irradiated with a three orders of magnitude higher 

photon flux at ESRF compared to the measurement of VEK glass at ANKA. The unlike behavior 

of U upon X-ray irradiation might be caused by differences in the U speciation in the model and 

the VEK glasses or by some other radiation induced electron transfer processes in the waste 

glass. The irradiation with X-ray photons at the U L3 edge (17166 eV) did not show any change 

in the U oxidation within the studies of Dardenne et al.74 This implies that the energy (3.7 keV) 

of the incident photons are of importance for the potential charge transfer process. 

VEK glass EXAFS 

Comparison of the EXAFS spectra of the VEK and the U model glasses (cf. Figure 41 and   

Figure 38) reveals differences in the second coordination sphere at ca. 4 Å. Dardenne et al.74 

who analyzed the spectrum of the VEK glass, suggests Al or Si to be located in the vicinity of 

the U atom at a distance of 3.97 Å (cf. Table 37 in the Appendix). EXAFS usually is not able to 

distinguish between elements with Z differences of ± 1. In order to obtain additional insights, 

compounds where U binds in a similar manner to entities containing O and Si/Al are compared. 

When units containing Si coordinate to U and the Si atoms are located in the second 

coordination sphere at approximately 3.63-3.89 Å, the equatorial U-O distance is contracted to 

2.23–2.29 Å. This is comparable to the obtained 2.27 Å U-O distance for the VEK glass. Whereas 

when Al neighbors U in the second coordination sphere at 3.88 Å, the equatorial U-O distance 

averages at ca. 2.4 Å.153-156 As Si and Al are generally not known as redox active elements, 

reduction of U by one of those is less likely. It is, however, known that charge can be transferred 

upon irradiation with X-rays leading to changes in the oxidation state of the probed element 

especially for soft X-rays due to its very high energy deposit.157, 158  

The EXAFS analyses of the U model glasses do not reveal a second coordination sphere. In 

addition, the U-O distances and the coordination numbers for the first coordination shell for 

the VEK and the U model glasses are slightly different. The fit reveals 2 O at 1.80 Å, 5 O at 2.27 Å 

and 1.2 O at 2.82 Å for the VEK glass (cf. Table 37 in the Appendix). This corresponds to a 

characteristic uranyl U-O bond length with an average distance of 1.80 Å for Oax and 
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2.28-2.47 Å for Oeq.120 Whereas for the U model glasses the UO22+ cation with an axial U-Oax 

bond distance of 1.84 Å can be considered as elongated, which was also found by the Raman 

investigations.  
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Figure 41 U L3 edge EXAFS spectrum of the VEK glass in k space. Experimental data are shown as solid line whereas 
black symbols represent fit results (left). FT-EXAFS spectra of the same sample in R space. Magnitude and real part 
of the experimental data are shown as solid lines, symbols represent the fit results (right). Data were obtained and 
evaluated by Dardenne et al. 

VEK SEM-EDX 

EXAFS analyses reveal that U in the VEK glass is coordinated likely by silicate ligands with Si 

atoms residing in the second coordination sphere forming ordered agglomerates in the glass 

matrix. SEM-EDX analysis were performed to visualize and characterize the size and the 

chemical composition of these clusters. A glass particle with a size of approximately 1 x 1 mm 

was extensively explored but no isolated U containing phases were found. The glass has an 

amorphous glass matrix with numerous expected inclusions of RuO2 needles and spherical Pd 

particles (cf. Section 7). The chemical compositions of the RuO2 particles and the matrix glass 

revealed by the EDX analysis are listed in in Table 9. Due to the low U content and potentially 

small size of these U and Si rich particles, it is possible that they are not detected by SEM-EDX. 

TEM investigations in collaboration with Thierry Wiss (JRC-Karlsruhe) are planned. 

VEK glass Raman 

The Raman spectrum of the VEK glass excited with 785 nm laser diode recorded by González-

Robles Corrales et al.159 is also depicted in Figure 31. Neither evidences for crystalline phase 

separations are observed nor the symmetric stretching mode ν1(UO22+). Although the UO2 

content of the glass is estimated to be 1.19 wt%74 the ν1(UO22+) might not be resolved due to a 

very high background caused by the numerous elements which are incorporated in the waste 

glass matrix. The use of a laser with a different wavelength, e.g., 532 nm, might decrease the 

background in the region of interest and reveal the ν1(UO22+) stretching.  
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Figure 42 Micrograph of a 1 mm VEK glass particle (left). NMP agglomerates of RuO2 needles and spherical Pd 
particles (right).  

Table 9 EDX results of the NMPs and the glass matrix averaged from three measurements (only selected elements 
are listed).  

Element (wt%) O Na Mg  Si Ca  Ru Pd U  

RuO2 39.3 1.8 0.14 3.8 0.51 51.2 0 0.58 

Glass 59.6 7.6 0.8 22.1 3.25 0 0 1.82 

 

 

4.2.3. Discussion 

The strong X-ray induced radiation damage observed only for the VEK glass might be explained 

by transfer of electronic charge leading to reduction of U(VI) to U(IV). The identified ordered 

U environment, involving U, O and likely Si, possibly contributes to the observed effect as it is 

not observed in the U model glass. 

The X-ray beam can in addition induce transfer of free charges as for example trapped electrons 

to U or provoke reactions with radical constituents of the highly radioactive VEK glass. Such 

species are continuously build up by the radioactive decay. The reversibility of the effect shows 

that those transferred to U electrons can be again excited possibly due to internal transfer of 

energy and/or irradiation with visible light leading to formation of U(VI). Elucidation of the 

X-ray induced radiation damage mechanism can be of great interest as it can be correlated to 

the long-term changes of the U speciation in a repository. Similar processes can be potentially 

induced by the α-, β- and γ-activity in a highly radioactive nuclear waste glass and be of 

importance in a long-time scale. Since U is present predominantly in its hexavalent state 

according to the present analysis, five years ageing of the VEK glass does not appear sufficient 
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to detect redox change of U. But as the glass will be exposed to io radiation for hundreds of 

years the accumulated dose might be adequate for appreciable reduction of U and maybe other 

An. Taking into account the photon flux, the photon energy, the exposed sample volume and its 

density, the accumulated dose within a 2 h measurement can be estimated to approximately 

1 MGy. The irradiation with X-ray photons at the U L3 edge (17166 eV) did not show any change 

in the U speciation within the studies of Dardenne et al. which is a clear evidence that the 

energy of the electromagnetic radiation play an important role by the process.74 

In addition to the U and Pu HR-XANES studies, Np M5 edge HR-XANES investigations were 

performed. Np is present in very low concentrations (less than 0.02 wt% NpO2) in the glass. 

The Np-237 doped French R7T7 glass was used as a reference material since no Np model glass 

with the VEK glass frit was prepared. The chemical compositions and synthesis conditions of 

the two glass frits do not substantially differ as both glasses are borosilicate glasses with 

addition of Al, Li, Na, Ca, Mg and Ti, melted in ambient conditions.160 The R7T7 glass is doped 

with ca. 0.85 wt% NpO2. In Figure 43 Np M5 edge HR-XANES spectra for the R7T7 glass and 

VEK glass are compared to spectra of Np redox references measured within the same 

experimental campaign: Np(IV)O2, Ca0.5Np(V)O2(OH)2·1.3H2O, Na2Np(VI)2O7.97-99 Their 

preparation is described in the experimental section. While NpO2 is similar to UO2 and PuO2, 

the Np(V) and Np(VI) references reveal a neptunyl and neptunate structure, respectively. 

Likewise for uranyl and plutonyl80, the spectrum for neptunyl species exhibit characteristic 

features marked with B in Figure 43. Due to the similar energy distances between the main 

peak and feature B for the R7T7 glass and the Np(V) reference sample, it can be concluded that 

Np occurs dominantly in its pentavalent oxidation state in the French glass. 
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Figure 43 HR-XANES spectra of the VEK glass and the Np doped R7T7 reference glass in comparison with Np redox 
references (Np(IV)O2, Ca0.5Np(V)O2(OH)2·1.3H2O and Na2Np(VI)2O7). 
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Dardenne et al. reported Np(V) as the predominant Np oxidation state in the VEK glass. The Np 

L3 edge spectrum has a post-edge multiple-scattering feature indicating neptunyl speciation103. 

Neptunyl characterizes with 1.89 Å161 and 1.74 Å162 trans-dioxo bond distance (Np-Oax) for 

Np(V) and Np(VI) neptunyl, respectively. Np L3 edge EXAFS analysis of the VEK glass was not 

possible due to the very low Np concentration. However, the Np(IV) and Np(V) L3 edge XANES 

spectra have similar positions therefore contribution of Np(IV) cannot be excluded.  

The Np M5 edge HR-XANES spectrum of the VEK glass does not have the feature B characteristic 

for neptunyl. In contrast to the Np L3 edge study, the spectrum strongly resembles Np(IV) not 

Np(V). The energy positions of the main peaks for the VEK and the NpO2 spectra are similar. 

The VEK spectrum has a slightly asymmetric shape with a shoulder on the high-energy side at 

ca. 3669.4 eV, which might be explained by the presence of a minor amount of Np(V) oxidation 

state. It is possible that the X-ray induced radiation damage detected for U occurs also for Np 

and the initial Np(V) has reduced to Np(IV) upon irradiation. Seven spectra measured for 

10 min/spectrum were recorded to verify this assumption but no clear reduction of Np(V) to 

Np(IV) was observed. Due to the low Np concentration, a more rapid acquisition of spectra was 

not possible. Future experiments at the CAT-ACT beamline might help to elucidate the question 

if Np shows a behavior similar to U in the VEK glass when analyzed by M5 edge HR-XANES.  

 

4.2.4. Summary and Conclusion 

The An M4,5 edge HR-XANES method is applied here for the first time for bulk analyses of redox 

states of U, Np and Pu in a genuine waste glass sampled during vitrification of HLLW. Obvious 

discrepancies between the speciation of U and Np in the model and VEK glasses are found, 

which is an evidence that surrogate glasses are not necessarily suitable model systems, for 

example for leaching experiments.  

Raman, SEM-EDX, XRD and HR-XANES investigations confirm the amorphous nature of the U 

and Pu model glasses. SEM-EDX analyses reveal RuO2 needles and spherical metallic Pd 

particles embedded in the amorphous VEK glass matrix.  

U is mainly identified as U(VI) in the VEK and the U model glasses.  

The occurrence of U(VI) as predominant oxidation state agrees with published studies for 

glasses melted in oxidative conditions. Pu is found only as dispersed Pu(IV) species in both Pu 

doped model and VEK glass. The hypothesis proposed in Section 4.1 suggests that the Pu 

speciation dependents on the initial speciation of Pu when added to the vitrification mixture. 
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It agrees well with the Pu model glass as this glass was prepared from PuO2. The VEK glass was 

melted from a HLLW HNO3 solution in which Pu is most likely present as predominantly Pu(IV). 

According to the results reported in Section 4.1 a very minor formation of Pu(VI) can also be 

possible in the HNO3 and therefore the glass product. Presumably due to the more complex 

composition and the presence of redox active elements no Pu(VI) contribution is observed in 

the VEK glass.  

Ordered inclusions in the VEK glass comprising U, O and likely Si atoms are interpreted from 

EXAFS spectroscopy but are not detected by SEM-EDX analysis. Scheduled TEM investigations 

might help to better characterize these likely very small (less than 200 nm) ordered regions in 

the glass matrix. XAS spectroscopy at the Si and Al K absorption edges might further help to 

identify the chemical composition and structure of those particulate inclusions. EXAFS 

analyses are also of interest for Pu and Np but were not possible to perform at the INE-

Beamline due to the low concentration and the limited incident beam intensity. Such 

investigations will be carried out in the near future at the Pu and Np L1 edges at the CAT-ACT 

beamline, which provides at least two orders of magnitude higher photon flux at 22.4-23.1 keV 

compared to the INE-Beamline.  

The reduction of U(VI) to U(IV) induced explicitly by tender X-ray radiation (3.7 keV) but not 

by 17 keV photons and observed only for the VEK glass but not for the model U doped glasses 

is of high interest. Elucidation of the origin of this effect is challenging. It is possible that it is 

correlated with the ordered U environment involving U, O and likely Si, found only in the VEK 

glass by U L3 edge EXAFS. Free charges and/or radicals, which are continuously generated by 

the decay of radioisotopes, can be transfer to/react with U and therefore possibly contribute 

to the reduction effect. 

Np forms predominately Np(V) in the Np doped R7T7 reference glass, whereas mixture of 

Np(IV) and likely Np(V) is identified for the VEK glass. It is possible that Np(IV) results from 

X-ray induced radiation damage process similar to the effect described for U. Although the 

distinct determination of the Np oxidation states is challenging, it is possible to demonstrate 

that there are differences in the Np oxidation states and coordination for the Np doped R7T7 

glass compared to the VEK glass.   
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5. Actinide (An) oxidation states investigations of spent nuclear fuel (SNF) 

"SNF is most probably one of the most complex materials which is known to human kind" – 

P. Carbol, GENTLE course "Nuclear Waste Management", INE Karlsruhe, Germany.163  

SNF undergoes a variety of processes, therefore, its characteristics depend on a multiplicity of 

factors.163 The chemical and physical properties of SNF are influenced by initial chemical 

composition (UO2 or MOX), isotopic enrichment, irradiation (burn-up and power rating) as a 

result of fission and nuclear reactions, FP distribution, fission gas migration and release, 

temperature history after discharge and decay time. The thermochemical configuration of the 

irradiated fuel is strongly affected by the chemical properties of the fission products. A variety 

of phases is formed, e.g., grain boundary precipitates (oxide or ε-phases). Mechanical stress as 

a result of swelling of the ceramic fuel pellet and thermal stresses lead to formation of cracks. 

An axial cross-section of a 10 mm SNF pellet in its Zircaloy cladding is shown in Figure 45. Due 

to the cylindrical geometry of the SNF pellet and the neutron energy spectrum, the outer rim 

region of a fuel pellet is a zone of increased neutron absorption by U-235 compared to the inner 

core area.164 The elevated absorption causes a local enrichment of plutonium and other 

transuranium elements. The Pu presence leads to a higher fission density and consequent 

higher concentrations of FPs in the rim region. The local burn-up in this region of the fuel can 

be 2-3 times higher than the fuel pellet average burn-up. Upon reaching a local burn-up of 

about 50-75 GWd/tHM the fuel undergoes restructuring processes significantly altering the 

morphology of the SNF (cf. Figure 44).165 This structure was first observed in the early 1960s 

by Bleiberg et al.166, typically at in the rim of the pellet (i.e., at its radial periphery). Due to its 

formation characteristics it was called rim-structure and later high burn-up structure (HBS).167 

Numerous studies have explored the properties of this material.164, 165, 168, 169 It is characterized 

by sub-micron grains from 0.3-0.1 µm which are formed from the initially present 10 µm sized 

grains. Fission gases diffuses out from the subdivided grains and precipitates into finely 

dispersed intergranular bubbles, drastically increasing the local porosity of the material (up to 

values higher than 20%).170 The thickness of the HBS highly depends on the irradiation history 

and the average fuel burn-up. The initially few micrometer thick layer propagates inwards with 

increasing local burn-up (e.g., it reaches 1200 µm for the sample with 100 GWd/tHM average 

burn-up).171 After the first observation in the late 1950s, the relevance of the HBS was 

reevaluated in the 1980s172, following the general trend of increasing the fuel discharge 

burn-up up to levels which encompass significantly the formation of the HBS. Questions arose 

concerning the safety of prolonged fuel operation. The need for extended knowledge of the HBS 
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properties and reactivity was highlighted. Since then, the HBS has remained object of studies 

worldwide.173-175  

 

Figure 44 SEM micrograph of high burn-up SNF from the core region of a pellet (left) and from the rim region of a 
pellet (right). The latter reveals the typical characteristics of the HBS morphology. These two radial pellet regions 
were used for preparation of samples S1 and S2. (Reproduced with permission from Ref. 176)  

As a host for an increased amount of radiotoxic FPs, the HBS material is of particular interest 

in safety assessments of storage and disposal sites. It has to be considered for the 

interpretation of experimental results on SNF dissolution. One aspect of concern is the 

oxidation state (and evolution) of the irradiated fuel matrix during irradiation and storage. 

Chemical alteration of SNF may lead to significantly changed chemical and physical properties, 

affecting its long-term, but also intermediate storage performance (cf. Section 2.1.1.3).  

The oxidation of unirradiated and irradiated UO2 are very complex processes which depend on 

numerous parameters. In the following an overview is given on relevant published studies 

investigating the oxidation behavior of unirradiated UO2, SNF materials and PuO2.  

Oxidation of unirradiated UO2 

Oxidation processes take place when UO2 comes into contact with air. The oxidation of UO2 is 

influenced by several parameters such as temperature, moisture177, O2 partial pressure178, 179, 

microstructural morphology and density. McEachern et al.178 discuss in their review that 

several key parameters affect the oxidation of UO2 below 400 °C, which is the highest expected 

temperature for SNF in dry storage.180 They describe the oxidation of UO2 as a two-step 

reaction: 

UO2 → U3O7/U4O9 → U3O8  �14� 
The first step of this reaction (UO2 → U3O7/U4O9) occurs already at room temperature in 

ambient conditions. Above 250 °C, oxidation from the U3O7/U4O9 to U3O8 is observed.181, 182 Up 

to 700 °C, the thermodynamically most stable product of the oxidation process in dry air is 
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γ-UO3.183 However, in practice this final oxidation process from U3O8 to γ-UO3 is hindered and 

U3O8 is stable up to 1100 °C when it decomposes.178 The reasons remain poorly understood. 

The UO2 matrix undergoes a change in its crystal structure from a fluorite type to a distinct 

different crystal structure with a 23% decreased density. U3O8 has an orthorhombic crystal 

structure where U coordinates by six O atoms at 2.07-2.23 Å distances. The oxidation from UO2 

to U3O8 goes along with a net volume increase of 36%.184 If occurring in actual spent nuclear 

fuel, this oxidation process could lead to failure of the cladding encapsulating the pellets, 

significantly complicating its handling and packaging.185-187 The two step oxidation of UO2 is a 

complex reaction and is often observed to occur concurrently. The intermediate state of 

U3O7/U4O9 forms as discrete layer on the surface of the material.188 As its growing is limited by 

the rate of O2 diffusion, a parabolic reaction kinetic is observed.189, 190 The formation of U3O8 

from this intermediate species is described as a nucleation-and-growth mechanism with 

sigmoidal reaction kinetics.186 The superposition of both process kinetics has a more complex 

reaction progress which is discussed in details in the review of McEachern et al.178  

With regard to the surface of the fuel, the oxidation from UO2 to the intermediate U3O7/U4O9 

species is found to occur with high reaction rates. The chemisorption of O2 on the matrix 

surface which is the first step of the oxidation process, was found to be a rapid and a highly 

exothermic process.191 A oxidized layer of approximately 5 nm is rapidly formed on UO2.178 Due 

to its significant density difference, the U3O8 which is formed subsequently for temperatures 

above 250 °C in dry air is observed to spall from the surface of sintered UO2 samples in form of 

fine powder. The duration until the first powder is visually observed is called 

“powder-formation time”.192, 193  

Scientists from Pacific Northwest National Laboratory (PNNL) examined the oxidation 

performance of sintered unirradiated UO2 pellet stored in ambient conditions and at 

temperatures from 135 °C to 230 °C.194 The oxidation at 230 °C in an ambient atmosphere 

showed a drastic change in oxidation kinetics towards faster reactions and higher oxidation 

states than U3O8. The reasons remain not yet fully understood.194  

As both O2 chemisorption and diffusion controlled formation of U3O7/U4O9 are highly 

dependent on the surface area, a smaller particle size of the material strongly increases the 

oxidation rate. This is shown by the pyrophoric behavior of 0.05 µm sized UO2 powder at 0 °C195 

whereas sintered UO2 only forms a 1 µm thick oxide layer at 250 °C after 24 h196. 

Presence of H2O drastically enhances the oxidation of the UO2 matrix. Water is a potential 

source for radiolytic oxidation products increasing oxidation reactions. In addition, H2O can 
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incorporate in the structure, widening the variety of oxidation products which facilitate 

alternative kinetics and reaction paths.184, 194  

U speciation in simulated and genuine SNF 

Generally, significant fuel oxidation may occur only if the cladding is breached as in the case of 

defective fuel rods. Wasywich et al.197 analyzed defective CANDU (CANada Deuterium 

Uranium) fuel bundles which were stored for up to 100 months in dry and a moist air 

atmosphere by microscopy, XPS and XRD. CANDU fuel consist of UO2 pellets with natural U 

isotopic composition. Due to the use of heavy water as moderator, no U-235 enrichment is 

required. Most extensive U oxidation was found for areas in the periphery of the SNF pellets 

with high FP concentration and increased porosity characteristic for HBS. While in moist air 

the ratio U(VI)/U(IV) was found to be more than 1, suggesting formation of U3O8, in dry air the 

fuel oxidation stopped at the α-U3O7 phase (U(VI)/U(IV) < 1). U(V) was not considered in the 

study. However, while the moist oxidation affected mainly large surface areas of the material, 

the dry air oxidation penetrated the material via grain boundaries and fuel sheath gaps and 

had less impact on the surface. 

Jegou et al. also investigated the oxidation behavior of U in SNF with respect to the HBS and the 

core material of a pellet (average burn-up of 60 GWd/tHM) by heating the materials with an 

external laser beam and performing Raman spectroscopy. They report that the HBS is more 

stable against oxidation processes compared to the core material of an irradiated UO2 fuel 

pellet.198 In the core material predominantly UO2 was oxidized to α-U3O8 (U(V) and U(VI)) 

species, whereas the HBS areas were only oxidized to U4O9 (U(IV) and U(V)). These phases, 

formed on the surface of the heated material, were identified with the help of their 

characteristic Raman spectra. The observed oxidation behavior might be attributed to the 

higher content of trivalent fission products and plutonium, stabilizing the fluorite structure of 

the UO2 HBS matrix. However, Jegou et al. point out the different temperature conductivities of 

the materials due to variations in their compositions. Differences in thermal conductivity and 

microstructure leads to different local temperatures when the material is heated with a laser 

beam, potentially resulting in different oxidation behavior of UO2. Simultaneous temperature 

determination was not possible due to the technical setup.  

Cobos et al., who doped UO2 pellets with additional elements in order to simulate different 

levels of burn-up, support the hypothesis for enhanced oxidation resistance.199 The conversion 

of the simulated SNF to U4O9 and U3O8 was found to be strongly delayed for higher burn-ups at 

1000 °C. However, the investigated SNF simulated material was synthesized as sintered pellets 
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with high density and low porosity, not comparable to the HBS morphology of genuine fuel. 

Therefore, it is questionable in which extent these results are transferable to irradiated fuel.  

McEachern et al. discussed also the higher oxidation rate of submicrometric grains.178 Due to 

the small particles size (~0.1 µm) of the HBS, the surface area was increased, enhancing 

oxidation reactions compared to SNF core material (~ 10 µm). The higher density of grain 

boundaries also likely led to increased oxygen diffusion. It is possible that the effect of larger 

porosity and smaller grains competes with oxidation state stabilizing effects from high 

concentrations of FPs and therefore only minor oxidation of U was observed in the HBS after 

heating. 

Fanghänel et al.200 concluded that the higher stability exhibited by the HBS is related also to 

the tight nature of the HBS grain boundaries, as shown for example in retained fission gas high 

temperature release tests. 

Campbell et al. 201 compared the oxidation behavior of LWR SNF and unirradiated UO2 fuel by 

studying weight differences. The initial SNF weight gain rates at 230 °C were found to be 

50 times greater than those for UO2. While initially delayed, compared to the UO2, oxidation to 

U3O8 was found by X-ray diffraction for all investigated SNFs. Taylor et al. explain this by the 

fact that the FPs are less soluble in a U3O8 phase than in UO2, delaying the oxidation process.202 

Exposure to a γ-radiation field increased the weight gain with both increasing temperature and 

exposure time. Material with high microporosity was preferentially oxidized. For 4000 h of air 

and radiation exposure at 230 °C, the fuels exceeded a weight gain level of 4 wt%, indicating U 

oxidation to higher oxidation states than U3O8.201 

Oxidation of PuO2 

PuO2 is a stable phase at room temperature and ambient conditions. It is formed on the surface 

of Pu metal when exposed to dry air.123 First, the PuO2 layer has a protective effect limiting the 

O diffusion. If a certain thickness of the layer is reached, stress-induced spallation processes 

are initiated.203 When the material is transferred to inert conditions such as vacuum or an inert 

gas atmosphere, the PuO2 layer transforms rapidly within approximately 200 min into 

Pu2O3.123 In moist air the oxidation rate of Pu is increased by 100 fold. The rate enhancement 

is attributed to formation of a PuO2+x layer. In water, PuO2 is oxidized to a PuO2+x phase which 

releases Pu(V) into the solution.204 Subsequent processes may involve its disproportionation 

to Pu(IV) and Pu(VI) and Pu(VI) reduction. In a dry atmosphere PuO2 was found to be inert in 

the presence of O2, ozone and nitrogen.203 XPS, Auger electrons spectroscopy and XRD methods 

were mainly used in the reviewed studies to determine the different Pu oxide phases.  
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Mixed U-Pu oxide solid material was investigated by Vauchy et al. by TGA, XAS and XRD after 

exposure to low moisture and an O2 containing atmosphere at room temperature. A fast 

oxidation of the grains surface was detected increasing the overall O content of the samples. 

Nevertheless, the Pu did not exceed the tetravalent oxidation state in the bulk of the material.205 

Pu speciation in simulated and genuine SNF: Kropf et al. investigated UO2 fuel irradiated within 

the ATM-103 project (Calvert Cliffs, USA)206 by Pu high-energy resolution L3 edge EXAFS using 

a Laue geometry analyzer. They found Pu occupying tetravalent U positions in the fuel matrix 

with Pu-O distances typical for PuO2. Np concentrations were too low for EXAFS analysis, but 

qualitative evaluation suggested that also Np is incorporated as UO2-like phase in the fuel 

matrix.207 Also Fortner et al. reported the incorporation of Pu in its tetravalent state in SNF.208 

Anthonysamy et al. identified tetravalent Pu and Th along with oxidized U(IV) to U(V) in an U-

Th-Pu MOX material in TGA-TDA experiments.209 

There are still significant discrepancies in the oxidation behavior of UO2 and SNF which are not 

yet fully understood.178 As SNF is a highly challenging material to handle and the availability of 

techniques probing the bulk material with respect to the An oxidation states are limited, less is 

known about the U and Pu speciation in the bulk material. Current literature acts on the 

assumption that the majority of the UO2 matrix remains in its tetravalent oxidation state and 

that the other An are formed in their lower stable oxidation states such as Pu(IV).210 How the 

U and Pu speciation changes at high burn-ups is still a question of debate.  

Mostly, speciation investigations of simulates SNF or material surface studies of genuine SNF 

are reported, which might not be comparable to irradiated bulk SNF. The U and Pu oxidation 

states are investigated with surface sensitive techniques like XPS probing only approximately 

5 nm depth of the material. The interpretation of Raman spectra can be challenging. Detection 

of vibrational bands specific for the U and Pu species might be not possible due to various 

signals from the irradiated SNF with a complex chemical composition.198 The probing depth of 

the Raman investigations on An materials was estimated to about 500 nm.2, 211 Therefore, the 

method is bulk sensitive, but surface species still contribute significantly to the spectra. In 

addition the intensive laser light can heat the material up and induce changes of the An 

speciation as used by Jegou et al. in their U oxidation study.198 Böhler et al. illustrated that the 

U/Pu L3 edge XANES method is more sensitive to minor changes of U and Pu oxidation states 

in as prepared and melted UO2, PuO2 and a UO2–PuO2 system (0 ≤ x(PuO2) ≤ 0.5) in comparison 

to XRD and Raman spectroscopy.212 An L3 edge XANES is useful but has clear limitations 

(cf. Section 4.1). It is often not possible to detect minor contributions of one oxidation state in 
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mixtures. In addition, the spectra of for example U L3 XANES of UO2 and U4O9 are almost 

identical. This can be overcome by the An M4,5 edge HR-XANES method.  

The aim of the here presented study is to provide insights into the U and Pu oxidation states in 

SNF, in both core and rim region (where the HBS is formed), using the U M4 and Pu M5 edge 

HR-XANES technique. This method is able to distinguish between different oxidation states 

even when mixed in the same material. The results will contribute to the understanding of 

complex SNF, which is necessary for safety assessment of its intermediate storage and final 

(long-term) disposal. 

A SNF pellet irradiated up to approximately 50 GWd/tHM originating from a Swiss commercial 

pressurized water reactor was investigated. Two samples from the core and the rim, i.e. the 

HBS area, of this SNF pellet were prepared. The sampling positions are indicated in Figure 45. 

Small particles with approximately 500 µm size were removed from the inner part of the pellet. 

The second sample was made by pressing the Zircaloy detached from the SNF against a Kapton 

tape; it contains particles with HBS characteristics (cf. Figure 45). This preparation procedure 

was followed in order 1) to reduce the dose of the samples, which simplifies their handling, 

and 2) to minimize self-absorption effects. The latter is of concern by investigations of highly 

concentrated samples.213 In this case, the emitted photons are partly re-absorbed by 

neighboring atoms and the spectral intensity is damped.  

Since the samples likely exhibit high surface-to-volume ratio and handling was performed 

partly in air, several unirradiated UO2 benchmark samples (U1-U3 and UF1, cf. Table 10) were 

prepared in order to evaluate the effect of the preparation procedure on the U and Pu oxidation 

states. In addition, a third sample with more bulk-like character originating from fuel 

irradiated within the international High Burn-up Rim Project (HBRP)165 was studied. The 

100 GWd/tHM burn-up of the material is similar to the burn-up level reached in the rim region 

of irradiated commercial fuels with an average burn-up of ca. 50 GWd/tHM and above. This 

material irradiated under conditions of radially homogeneous burn-up and temperature165 

consists of a completely transformed into HBS as demonstrated by previous studies.173 A 4 mg 

fragment was washed with acetone to remove any dust particles and was prepared for U and 

Pu M4,5 edge HR-XANES investigations. The preparation of all studied samples and references 

is described in Section 5.1. 

 

 



 
86 

5.1. Experimental 

All samples and their descriptions are listed in Table 10 in Section 5.2. The studied SNF 

samples S1 and S2 were obtained from the SBS1108 N0204 fuel rod segment which was 

irradiated in the commercial pressurized water reactor Gösgen nuclear power plant in 

Switzerland. The irradiation was carried out in four cycles for a period of time of 1226 days 

with an average linear power rate of 260 W/cm achieving an average burn-up of 50 GWd/tHM. 

The fuel rod segment was discharged on 27th of May 1989 that implies a cooling time of 

24 years before cutting and characterization of the segment. The characterization of the 

SBS1108 N0204 fuel rod segment was performed and reported by Metz et al.214 The fuel rod 

treatment, storage and preparation procedure after discharge is described by González-Robles 

et al.23 A segment sample (of approximately 10 mm length) was cut in the gap between two 

adjacent pellets of the fuel rod. The cutting took place in a N2-atmosphere (O2 content less than 

1%). After storage for several years in an Ar filled container the fuel was mechanically de-

cladded and fractured in a dry air atmosphere. The HBS sample S1 was fabricated by trapping 

the SNF dust stuck on the inner cladding wall of the emptied cladding ring on a Kapton tape 

strip. The particles originate from the rim part of the pellet, that means the contact layer of the 

fuel with the cladding wall. The dust particles were removed from the wall by applying a 

mechanical shock to the cladding ring. The particle size was estimated by visual inspection and 

comparison with powders of known particle size. The average size of the dust particles is 

estimated by optical comparison (by eye) with powders of known particle size to be smaller 

than 100 µm. The second SNF sample S2 was prepared by bringing a particle of several mm 

size, which was obtained from the fractured pellet core area, in contact with a Kapton tape. 

Some particles with sizes of ca. 500 µm were caught on the Kapton tape. Both samples then 

were covered in ambient conditions with 13 µm thick Kapton foil leaving little space for 

trapped air. They were mounted in a Plexiglas cell equipped with a Kapton window with 8 µm 

thickness. The prepared samples are shown in Figure 45. Their combined dose rate is below 

30 µSv/h. All manipulations performed after the de-cladding and fracturing of the pellet took 

either place in dry air or ambient conditions in the controlled area of the KIT-INE and were 

mainly performed by E. Gonzalez-Robles and N. Müller.  
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Figure 45 Macrograph of the commercial irradiated SNF vertical cross section (left). Prepared footprint of core 
particle S2 and HBS dust material S1 on Kapton tape (right) for An M edge investigations. Red arrows indicate the 
origin of the footprint samples material. (Cross section image adapted with permission from Ref. 215)  

The sample S3 was obtained from high burn-up SNF material prepared and investigated within 

the “High burnup rim project” (HBRP).173 The U-235 enriched fuel (25.8 wt%) was irradiated 

from 1993 in the Halden reactor, Norway, at 560 °C to a burn-up of ca. 96 GWd/tHM. The special 

arrangement in the reactor ensured homogenous burn-up and temperature distribution. After 

discharge in 1996 the material was stored for approximately 20 years in the hot cells of 

JRC-Karlsruhe in a N2 dry atmosphere with ca. 1% nominal O2 impurity. The experimental 

investigations performed during the HBRP project have shown that the sample is fully 

restructured into the HBS.173 A 4 mg particle of the SNF was washed three times with acetone 

in an ultrasonic bath in order to remove surface contaminations and dust before mounting it 

with double sided graphite tape in an Al cell equipped with two independent Kapton windows 

(cf. Figure 46). All manipulations were performed by F. Cappia within 1 hour and took place 

under a N2 inert gas atmosphere (may. 10 ppm O2) in the laboratories of JRC-Karlsruhe.216 The 

radiation dose measurement determined dose rates of 15400, 65.7, 8.66 and 6.16 µSv/h in 0, 

30, 70 and 100 cm distance from the mounted sample.  

 
Figure 46 Sample holder for An M4,5 edges HR-XANES (CEA design, acknowledgments to Philippe Martin, Philippe 
Valenza and Renaud Belin) measurements. (1) Outer containment (Al); (2) outer containment ring with 13 µm 
Kapton foil; (3) inner containment (Al) with a 3 mm dump for An sample; (4) inner containment ring with 8 µm 
Kapton foil; (5) Cover for the first containment; (6) Screws for the first containment ring (left). SNF sample S3 
mounted in the illustrated Al cell sealed with two Kapton windows (right).216 
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The unirradiated UO2 benchmark samples were prepared from several ceramic UO2 pellets, 

provided by KIT-INE, with a diameter of 5 mm and a small hole in the center by E. Bohnert 

(KIT-INE) according to the procedure used in previous studies.217 They are labeled U1 (0.3 g 

and 1.5 mm thickness), U2 (0.2 g and 1.1 mm thickness) and U3 (0.2g and 1.0 mm thickness). 

Pellet U3 was subsequently broken and consists only of a quarter of the initial 0.2 g pellet. All 

three pellets were introduced into a high-temperature furnace (positioned in ambient air) and 

were heated for 6 h at 1150 °C in H2/Ar-flow (8% H2). The H2/Ar stream maintained during 

cooling. After 1 h the pellets were quickly transferred in the H2/Ar stream to glass vials filled 

with Ar. The vials were closed with screw caps. Pellet U3 was then introduced in an Ar filled 

glovebox. U2 was directly transferred to a vacuum chamber for XPS measurements. U1 was 

exposed to air for 4 h. A footprint sample UF1 was then prepared from U1 by pressing the 

exposed pellet for some seconds on Kapton tape. Also the pellet U1 was then transferred to the 

glovebox. Both U1 and U3 were glued onto a Plexiglas sample holder by double sided graphite 

tape. The pellets were covered by 13 µm thick Kapton foil which was sealed on the edges with 

Kapton tape. The footprint of pellet U1 was also covered by 13 µm thick Kapton foil. Samples 

U1, U3 and UF1 then were mounted in two bigger cells sealed with a frame equipped with an 

8 µm thick Kapton foil window. Figure 47 shows the sample cell of U1 and U3. In-between the 

different measurement sessions the sample cell remained sealed in ambient conditions. From 

the manufacturer’s specifications218 a O2 permeability of approximately 1 cm3 per year for the 

cell was calculated. Therefore, a partial oxidation of the sealed samples over the time cannot 

be excluded. 

 
Figure 47 Sample holder of UO2 benchmark sample U1 and U3. The empty cell illustrating the containment concept 
is shown in Figure 97 in the Appendix. 

Sample U3 served as U(IV) reference material for the U M4 edge HR-XANES measurements in 

November 2015 and 2016 (see text below in Section Methods and Materials), whereas in 
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March 2015 a different UO2 pellet was used (cf. Table 2 in Section 3). HR-XANES spectra of 

samples U1, UF1, S1, S2 and S3 were recorded either the INE-Beamline or the 

CAT-ACT-Beamline while U2 was only used for the XPS measurement. An overview of the 

samples is given in Table 10. 

 

Methods and Materials 

High-energy resolution X-ray absorption near edge structure (HR-XANES)  

An M4,5 edge HR-XANES investigations of samples S1 and S2 were performed at the 

INE-Beamline in March 2014 and November 2015 as well as at the CAT-ACT-Beamline in 

November 2016 while the reference samples U1-U3 and UF1 were investigated only in 

November 2015 and 2016. S3 was investigated exclusively at the CAT-ACT-Beamline in 

November 2016. The general beamline settings are described in Section 3. 

The samples were measured by setting the spectrometer to the maximum of the normal 

emission line (U 3334.4 eV, Pu 3345.9 eV) and recording within the energy range of 

3710-3789 eV (U) and 3759-3840 eV (Pu) with a step size of 0.1 eV in the WL region and 0.5 eV 

in the pre- and post-edge. No background correction was performed. All spectra were 

normalized to 1 in the post-edge region if not stated otherwise. 

In order to check for homogeneity of sample S1 five different positions of the ring-shaped 

sample were probed (cf. marks in Figure 50). As the recorded spectra coincide for all positions 

(cf. Figure 98 in the Appendix) they were merged to obtain higher signal-to-noise ratio. The 

fluorescence map was recorded by exciting the U at the maximum of its main absorption peak 

and recording the Mβ fluorescence. 

The modeling of the U M4 edge HR-XANES spectra was performed with the Fityk curve fitting 

software v.0.9.8 (http://fityk.nieto.pl/) using six Gaussian and one arctangent functions. The 

Levenberg−Marquardt least-squares algorithm was used in the fit.  

X-ray photoelectron spectroscopy (XPS) 

The XPS measurements were performed according to the information given in Section 3. The 

X-ray beam was scanned over the UO2 sample for a length of 800 µm. C 1s (284.8 eV) of 

adventitious hydrocarbon was used as charge reference which corresponds to O 1s (oxide) 

530.0 eV. Charge compensation was not necessary due to the semi-conducting properties of 

the material.  
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5.2. Results and Discussion 

Table 10 Overview of samples studied in this project and their description.  

Sample name Description 

U1 UO2 pellet, 4 h exposed to air 

U2 UO2 pellet used for XPS investigation 

U3 
UO2 pellet used as U(IV) reference in U M4 edge HR-
XANES investigation (cf. Table 2) 

UF1 Footprint from surface of pellet U1 after air exposure 

S1 Footprint of HBS SNF from commercial reactor 

S2 
Footprint of central pellet area of SNF pellet from 
commercial reactor 

S3 HBRP project SNF HBS particle  

 

UO2 benchmark samples 

UO2 pellets freshly reduced to stoichiometry were prepared to serve as reference and 

benchmark samples. Characterization of those samples was performed to examine the 

influence of sample preparation on sample alteration as pre-test for the subsequent 

investigations of SNF. As shown by previous UO2 synthesis procedures217 the reduction of 

ceramic UO2+x pellets to UO2 in a H2/Ar atmosphere is completed after approximately 6 h at 

1150 °C. Pellet U2 was measured with XPS directly after the reduction procedure. The U 4f XPS 

spectrum and its best fit are shown in Figure 48. The fit to the spectrum provides quantitative 

information for the U speciation in the first few atomic layers (ca. 5 nm depth) of the sample; 

U(IV) 45 at%, U(V) 47 at% and U(VI) 8 at% are found (see Table 38 in the Appendix). The 

surface of the pellet is significantly oxidized despite its transfer to the XPS vacuum chamber in 

an inert gas atmosphere. Apparently, sufficient amounts of O2 were present for surface 

oxidation. The extent and the high oxidation rate are in good agreement with findings reported 

by McEachern et al. for UO2 surface oxidation to U4O9 (U(IV) and U(V)6).178  

While the information depth of XPS lies in the approximate 10 nm range the penetration depth 

of the X-ray beam used for the An M4,5 edge HR-XANES investigations is significantly higher. It 

can be calculated on the basis of the work of Henke et al.91 With an energy of 3700 eV the 

radiation has an attenuation length of approximately 1 µm in a UO2 matrix, i.e., the intensity of 

the incident X-ray beam is attenuated to 1/e ≈ 37% of its original intensity. As the HR-XANES 

spectra are recorded in fluorescence mode the incident photons as well as the emitted photons 

need to overcome the UO2 matrix and reach the detector in order to contribute to the spectrum. 

The photons on both paths are attenuated by 63%. Hence, information from a sample depth of 

1 µm reach the detector with an intensity of less than 15% of the initial intensity. Thus, 1 µm 
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can be estimated as the maximum probed information depth for UO2 by the U M4 edge 

HR-XANES technique. 

 
Figure 48 XPS spectrum of U2 (black). Fitting of the main and satellite peaks resulted in the fit spectrum shown in 
red. The evaluation results of the best fit can be found in Table 38 in the Appendix.  

The U M4 edge HR-XANES spectra of U1, U3 and UF1 are depicted in Figure 49. The freshly 

reduced UO2 sample denoted as U1 was kept for 2 h in ambient conditions prior to the 

investigation. After exposure to air U1 was used to prepare the footprint UF1. The pellet U3 

was reduced to stoichiometry and packed for the HR-XANES measurements in an inert gas 

atmosphere.  

The U1 and U3 spectra appear similar and have one main peak whereas the UF1 spectrum 

reveals two pronounced peaks. The main absorption peak located at approximately 3725.0 eV 

(A) for the U1 and U3 spectra is characteristic for U(IV). The second peak B in the UF1 

spectrum is at higher energy (3726.1 eV) indicating contribution of U in a higher oxidation 

state which can be potentially U(V) or U(VI). The energy position of this peak B coincides with 

the U(V) peak of the U4O9 spectrum. In U4O9 U is present in tetravalent and pentavalent 

oxidation states. Due to the limited resolution of the experiment the characteristic peaks for 

U(IV) and U(V) overlap and appear as one asymmetric peak. The peak A has a lower intensity 

compared to peak B in contrast to the reported spectrum by Kvashnina et al. where the two 

peaks have comparable heights.6 This finding indicates that likely storage in ambient 

conditions led to partial oxidation of U(IV) to U(V) in the U4O9 sample. Minor U(VI) contribution 

is possible too. 

The post-edge region of the spectra is sensitive to the short but also long range atomic order 

around the absorbing U atom. The post-edge region above 3730 eV of the UF1 spectrum is 

clearly different compared to the corresponding parts of the U3O8 and γ-UO3 spectra but it is 
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similar to the U4O9 shown in Figure 49 too. U4O9 has a cubic or cuboctahedral crystal structure 

(depending on its α or β modification)219 whereas U3O8 and UO3 have orthorhombic183 and 

tetragonal structures121, respectively. The exact crystallographic phase was not determined for 

this U4O9 sample. The post-edge regions of the U4O9 depicted in Figure 49 (right) and the 

spectrum reported by Kvashnina et al. are identical.220 They also did not identify the crystal 

modification of the investigated U4O9.  

It can be concluded that UF1 contains U(IV) and U(V). No crystal structure analysis was 

performed but it is very likely that U4O9 is formed. U3O7 with a complex crystal structure221 is 

also discussed as one of the possible oxidized UO2 modifications at temperatures below 250 °C. 

Since no spectrum is available for this material it cannot be verified how similar it is to the UF1 

spectrum.  

The point that the UF1 and U1 samples are distinctly different, i.e., no significant amount of 

U(V) is clearly visible in the U1 spectrum, confirms that the U M4 edge HR-XANES technique 

probes substantially the bulk of the material. The spectra of U1 and U3 are also very alike 

which implies that the method is not very sensitive to variations in surface oxidation due to 

different preparation and handling procedures. XPS can be used as complementary technique 

as it is mainly sensitive to the surface. The XPS result for the U speciation in U2 is very similar 

to the U M4 edge HR-XANES result for the UF1 sample suggesting that surficial U oxidation of 

the UO2 pellets cannot be prevented by the sample handling procedure as applied in the 

present study 
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Figure 49 U M4 edge HR-XANES spectra of samples U1, U3, UF1 and different U oxide references samples with 
emphasize on the WL region (left) and on the post-edge region (right). The experimental resolution between the 
two sets of spectra differ slightly. The post-edge features are marked with solid black lines. 
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Commercial SNF 

U M4 edge HR-XANES spectra from the HBS (S1) and the central region (S2) of the SNF pellet 

were recorded in March 2015 a few days after the preparation of the samples and in two 

additional experiments performed in November 2015 and November 2016.  

The U Mβ fluorescence was recorded as a function of the position of the X-ray beam on the S1 

and S2 samples. This fluorescence map reveals hotspots with high U content (cf. Figure 50).  

 
Figure 50 U Mβ fluorescence map of S1 and S2. Blue and red indicate areas of low and high U fluorescence intensity, 
respectively. Sample S1 was measured at positions marked with white stars. No fluorescence data were recorded 
for the area in grey. 

To screen the chemical homogeneity of the S1 sample U M4 edge HR-XANES spectra were 

measured at several positions marked in Figure 50 (cf. Figure 98 in the Appendix). Since the 

spectra are very similar they were merged to obtain a spectrum with high signal-to-noise ratio.  

The spectra of the S1 and S2 samples as well as of the UO2 (U3 sample) reference are depicted 

in Figure 51. The spectra of the UO2 bulk sample measured in March/November 2015 and 

November 2016 are comparable. U(IV) is the main species for the S2 sample too. An additional 

contribution appears as a shoulder on the high energy side of the main U(IV) peak of the S2 

spectra and slowly increases as a function of time. The post-edge regions above 3730 eV of the 

three S2 spectra do not change notably and are similar to UO2; therefore this second 

contribution is likely U(V) which is described above for the UF1 reference sample (cf. also 

Figure 53). This U(V) specie is well distinguishable in the S1 spectrum measured in March 

2015 and grows to become the main part of the S1 spectrum measured in November 2016. 

Clearly oxide species possibly similar to U4O9 form in both S1 and S2 samples.  

The high energy position of the S1 main peak of the spectrum measured in November 2016 

suggests also presence of U(VI). The high surface reactivity of the presumably small particles 

might lead to oxidation and phase transformation178 beyond U4O9, e.g., formation of U3O8. The 

formation of U3O8 is generally not observed in the literature for SNF material below 250 °C in 

air.181 Wasywich et al. found oxidation of CANDU fuel in moist air to a U(VI)/U(IV) ratio higher 

than 1 indicating the formation of U3O8.197 
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Figure 52 depicts spectra for the UF1 and S1 footprint samples measured in November 2015 

and 2016. The U oxidation changes more noticeably for the S1 sample. The spectrum of UF1 

suggests that U(IV) has continued to oxidize only to U(V) while the UF1 spectrum is still rather 

characteristic for U4O9. The inhibited oxidation of the unirradiated UO2 to U(VI) is in agreement 

with the studies of McEachern et al.178 discussed in Section 5. Future measurements of the 

same UF1 and S1 samples will verify if this potential oxidation to U(VI) species lasts only in 

the S1 sample. 
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Figure 51 U M4 edge HR-XANES spectra (short (left) and extended (right) energy range) of the HBS sample S1, SNF 
sample S2 and the UO2 reference U3 measured in March 2015, November 2015 and 2016. The energy positions of 
the most intense absorption peaks of U(IV) (UO2), U(V) (U4O9) and U(VI) (γ-UO3) are marked with lines. The short 
energy range spectra are normalized by the maximum of the most intense absorption peak whereas the extended 
energy range spectra are normalized by the pre- and post-edge.  

The question arises if the larger U(V) content in the S1 compared to the S2 sample can be 

attributed to structural, chemical and morphological differences of the HBS and the SNF 

samples. The faster oxidation kinetics for S1 compared to S2 might be explained with 

differences in the size of the particles. S1 contains fine powder whereas the S2 sample 

comprises several small particles of approximately 500 µm diameter. S2 can be considered for 

a bulk sample; however, presence of fine dust cannot be excluded since S2 is a footprint of a 

large particle. The performed benchmark study on reference samples illustrate that footprints 

are only representative for the surface of the material. 
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Figure 52 U M4 edge HR-XANES spectra (short (left) and extended (right) energy range) of the HBS sample S1, and 
unirradiated UF1 measured in November 2015 and 2016. The energy positions of the most intense absorption peaks 
of U(IV) (UO2), U(V) (U4O9) and U(VI) (γ-UO3) are marked with lines. The short energy range spectra are normalized 
by the maximum of the most intense absorption peak whereas the extended energy range spectra are normalized 
by the pre- and post-edge. The November 2016 measurement of UF1 was aborted prematurely.  

HBRP SNF 

The question if the observed differences between the S1 and S2 samples are only a 

manifestation of different levels of surface oxidation caused by particle size variations is 

addressed with the investigation of sample S3. This sample consists of a 4 mg bulk particle 

removed from a SNF pellet which was pre-characterized as homogenous HBS material within 

the international HBRP project.173 The sample stored for 20 years in an inert gas atmosphere 

with an average impurity of 1% O2. The fragment was washed with acetone to remove surface 

particles. Figure 53 (left) depicts the U M4 edge HR-XANES spectrum of S3 recorded at the 

ACT-Beamline. The spectrum is very similar to the spectrum of UO2 (U3) The most intense 

absorption peaks of the two spectra located at 3725 eV coincide. It can be concluded that S3 

contains predominantly tetravalent U. A clear difference between the spectra is the intensity 

of the high energy feature at ca. 3726.4 eV which is assigned to U(V) in the benchmark study. 

Comparing the intensity of this high energy feature relative to the main U(VI) peak it can be 

concluded that there is a somewhat higher U(V) contribution in the S3 sample than in the UO2 

reference. This becomes clearer when the spectra are normalized to the maximum intensity of 

the main peaks (Figure 53, right).  
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The different intensities of the main peaks can be for example due to structural disorder in the 

S3 sample as a result of more complex chemical composition and morphology compared to 

UO2. Self-absorption effects, which occur for samples with high concentration and density of 

the probed element, can damp the spectral intensity. In the performed investigations the 

difference between S3 and UO2 cannot be assigned to self-absorption as both materials have 

similar U concentration. In addition, S3 has about 10% less density compared to UO2. 
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Figure 53 U M4 edge HR-XANES spectra of S3 and UO2 reference U3 measured in November 2016. For evaluation, 
the spectra were normalized to the pre- and post-edge region (left) and to the maximum of the main peak (right). 
The energy position of the most intense absorption peaks of UO2 is marked with a vertical line.  

In order to compare the intensities of the B shoulder features A-F of the spectra were modeled 

using six Gaussian and one arctangent function (cf. Figure 54). Two different approaches were 

followed: In the first approach the UO2 spectrum was fit by varying the parameters of the 

Gaussian functions; the height of the arctangent step function was fixed to 1. For fitting of the 

S3 spectrum the obtained energy positions were applied and fixed while the remaining 

parameters of the Gaussian functions were varied.  

In the second approach both UO2 and S3 spectra were fit by varying the parameters of the 

Gaussian functions. The results of both approaches are comparable. The difference in the 

energy position of the main peak is below 0.15 eV; its intensity and area differ by less than 3% 

and 4%, respectively. As the results are similar only the second approach is illustrated in 

Figure 54. In order to evaluate the small differences of shoulder B its intensity is correlated to 

the intensity of the main feature A. Post-edge features D-F originate from scattering of the 
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photoelectron from atoms surrounding U; they probe the local atomic environment of U in the 

material (see also Figure 49, right).  

The results of the fitting procedure are given in Table 39 in the Appendix. For the UO2 

spectrum feature B has approximately 76% the intensity of feature A. For the S3 spectrum this 

ratio is found to be ca. 87%. The difference of 11% can most likely be attributed to the minor 

formation of U(V) oxidation state in the SNF S3 sample. The HBS SNF material was exposed for 

20 years to atmosphere containing approximately 1% O2: The results confirm only minor U 

oxidation state changes therefore it can be concluded that sample S3 is rather stable against 

oxidation. It appears that the fast U oxidation kinetics observed for the S1 and S2 samples is 

induced by small particles with large reactive surfaces. Based on the current set of samples it 

cannot be concluded if the level of burn-up affects the U speciation. One challenge to detect 

minor U(V)/U(VI) is imposed by the fact that those are minor species whereas unaltered U(IV) 

is the dominant matrix element. A closer insight into the potential change of chemical state of 

the An in regions with high local burn-up can be obtained by investigations of other redox 

sensitive An elements. Pu is the ideal candidate since it has a considerably high concentration 

in SNF, hence the experiments are feasible. 
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Figure 54 S3 and UO2 spectra (black) plotted with their best fit (green). The fitting functions used to fit features A-
F are shown in red. The difference between the best fit sum and the experimental spectrum is given below the 
respective spectra as residual. 

 

 



 
98 

Pu M5 edge HR-XANES of SNF samples 

The Pu speciation is investigated in samples S1, S2 and S3. Pu is not part of the pristine fuel 

matrix but it builds up in the neutron irradiation process by neutron capture of U and 

subsequent decay. In the commercial SNF (sample S1 and S2) it averages at ca. 1.04 wt% 

(cf. Table 40 in the Appendix). The Pu content of the HBRP SNF was not calculated but it is 

estimated to be less than 1 wt%. Due to the high U-235 enrichment (ca. 26%216) the disk was 

exposed to less neutrons than materials with comparable burn-ups.  

The Pu M5 edge HR-XANES spectra of the S1 and S2 samples recorded in March 2015 are 

depicted in Figure 55. The main absorption peaks of the S1 and S2 spectra are shifted to higher 

energies compared to the spectrum of the PuO2 reference. This behavior indicates a significant 

oxidation of Pu(IV) to Pu(V) and/or Pu(VI). The position of the main peak of electrochemically 

prepared Pu(VI) in HClO4/NaClO4 is marked in the figure.56 Although it is known that the shape 

and the energy position of the spectrum of aqueous Pu(VI) differs from Pu(VI) solid state 

spectra, the indicated position can be used as an orientation. According to the work of Vitova 

et al. the position of the main peak for the same oxidation state of U(VI) in solid state materials 

and in aqueous solution can shift approximately 0.2 eV.69 Similar to the U studies Pu is more 

oxidized in the S1 sample compared to the S2 sample. This may be related to increased porosity, 

higher contribution of FPs and transuranium elements, smaller grain size, etc. of the HBS. The 

increased oxidation for Pu as for U is most likely a consequence of the larger surface area of the 

HBS S2 sample which causes increased reaction rate. The intensity of the main peaks of the S1 

and S2 spectra is much higher compared to the spectrum of PuO2 due to prominent 

self-absorption effects for PuO2. 
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Figure 55. Pu M5 edge HR-XANES spectra (short (left) and extended (right) energy range) of the HBS sample S1, 
SNF sample S2 and the PuO2 reference. The energy positions of the most intense absorption peaks of Pu(III), Pu(IV) 
and Pu(VI) is marked with vertical dashed lines.  
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The spectra measured for the bulk S3 sample and the PuO2 reference are shown in Figure 56. 

Due to the higher energy resolution of this more recent measurement a shoulder at the position 

of Pu(VI) can be identified. It is known that it is easier to oxidize U(IV) then Pu(IV)123. Since 

20 years storage in atmosphere with 1% O2 did not lead to significant oxidation of the UO2 

matrix it is unlikely that Pu(IV) will oxidize due to the storage conditions. One plausible 

hypothesis is that a part of Pu is initially formed in higher than Pu(IV) oxidation state while 

undergoing nuclear build-up reactions. The S3 spectrum also reveals a small pre-edge feature 

marked in Figure 56 which has a position characteristic for Pu(III). Due to the low 

signal-to-noise ratio of the spectrum and the low intensity of this peak it can be only speculated 

about existence of minor amount of Pu(III) in the S3 sample. Future measurements with even 

high experimental energy resolution can help to elucidate this question. This can be achieved 

by reducing the size of the incident beam to less than 500 µm diameter. 
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Figure 56 Pu M5 edge HR-XANES spectra (short (left) and extended (right) energy range) of the HBS sample S3 and 
the PuO2 reference. The energy positions of the most intense absorption peaks of Pu(III), Pu(IV) and Pu(VI) are 
marked with vertical dashed lines. 

 

5.3. Summary and Conclusion 

The performed investigations illustrate that the U/Pu M4,5 edge HR-XANES method is mainly 

sensitive to the bulk part of the material in contrary to XPS which has a predominant surface 

sensitivity. The two methods provide complementary information; therefore, their combined 

application is beneficial.  

The experiments showed in accordance with the literature that the UO2 surface is very reactive 

in an ambient atmosphere. In the presence of even minor amounts of O2 it is likely that the 

surface of a SNF pellet will be oxidized. A footprint sample contains species representative only 

for the surface of the SNF pellet and its large surface-to-volume ratio will favor oxidation of U 
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and Pu as a function of time. Hence, assigning results obtained from studies of UO2 and SNF 

footprint samples to the bulk of these materials can be misleading. 

For all investigated reference and SNF samples only U(V) as part of most likely U4O9 is found. 

The formation of U3O8 or UO3 leading to change of the crystal structure is not observed. Minor 

contributions of U(VI) is detected for a footprint prepared from commercial SNF which is 

generally not expected and is likely caused by the large surface area related to the small SNF 

particles. Futures measurements will verify if the oxidation will continue or a steady state will 

be reached. Published studies report hindered U3O8 formation by exposition of UO2 to air.202  

The S3 sample characterizing with high level of burn-up shows very minor U oxidation for a 

period of 20 years in atmosphere with 1% O2 when compared to unirradiated UO2. This result 

strongly suggests that HBS is rather stable against oxidation. But the studies of the S1 and S2 

samples demonstrate that for example in case of accidence and direct contact of air and 

moisture with a SNF pellet surface oxidation of U is likely. 

More significant Pu(V)/Pu(VI) contribution compared to U(V) is found in the S3 sample. It is 

demonstrated that these higher oxidation states of Pu and U are formed in the bulk of the S3 

sample. As Pu is formed only by neutron capture and reactive decay processes its oxidation is 

proposed to be rather related to such processes than to result from reaction with O2. 

In order to get a more consistent and complete picture of oxidation processes of SNF further 

studies with systematic and comparative approaches have to be performed. As discussed, UO2 

may serve as potential model system, however significant differences compared to the SNF 

oxidation behavior make the use of genuine SNF material indispensable to achieve 

well-founded scientific insights. The preparation and investigations of highly active SNF 

samples were realized in a cooperation between JRC-Karlsruhe and KIT-INE research facilities. 

An experimental procedure for preparation of irradiated SNF samples and their investigation 

was developed and its feasibility was demonstrated.216 The gained knowledge and experience 

will facilitate future synchrotron based investigations of highly radioactive materials.  
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6. Simulation and vitrification of solid high-level waste (HLW) residuals 

remaining from reprocessing and vitrification activities 

In the reprocessing pilot plant Karlsruhe (“Wiederaufarbeitungsanlage Karlsruhe", WAK) 

nuclear fuel was reprocessed from 1971 to 1990. Approximately 200 t fuel from research and 

power producing nuclear reactors were treated and the separated U and Pu was recycled to 

the nuclear fuel cycle. The accumulated high-level liquid waste (HLLW) was stored for several 

years in storage tanks.10 From 2009 to 2010 this liquid waste of approximately 55 m3 was 

successfully immobilized by vitrification in the vitrification plant Karlsruhe 

(“Verglasungseinrichtung Karlsruhe”, VEK) on the same site.36 In both facilities some solid 

radioactive residual material is still remaining: 

1) Within the storage of the HLLW a considerable amount of solid state material 

precipitated from the solution and deposited at the bottom of the tanks (approximately 

180 kg, more than 1015 Bq and 300 Sv/h)222. Investigations performed by Van Winckel 

et al. found the precipitates to consist mainly of radioactive Cs and Mo. Water-insoluble 

Cs3PMo12O40 was identified as a major component.  

 

2) After vitrification of the HLLW the process components were rinsed by nitric acid in 

order to facilitate the future dismantling of the facility. An excess part of the rinsing 

solution was not recycled in the melter but collected in process tanks of the facility and 

sampled. Due to internal heating originating from the radioactive decay of the 

radionuclides and a continual dry-air flow the solution was evaporated to dryness 

(approximately 80 kg, more than 1015 Bq). From the liquid chemical analysis it was 

concluded that the solid residue material remaining is rich in Tc and Cs. Both elements 

show volatile behavior in the vitrification process and deposited in the exhaust line 

where they were removed by the rinsing solution.  

 

In the upcoming dismantling campaigns of the WAK and VEK facilities the removal and 

immobilization of these two types of residual material will be the key challenge. Both solid 

state deposits are carrier of the majority amount of nuclear radiation within the facilities.222 

The study here presented has the aim to 1) derive insights into the nature of the materials 

relevant for their removal and handling and 2) review a proposed suitable vitrification 

procedure for immobilization of the high-active waste materials. The simulation and 

immobilization of the Cs and Mo rich residue are discussed in Section 6.1, whereas the Tc and 

Cs rich one is dealt with in Section 6.2 and 6.2.4.  
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6.1. Mo and Cs rich residuals from reprocessing 

The reprocessing of nuclear fuel materials generates HLLW (cf. Section 2.1). The storage of 

this FP rich solution led to the formation of water-insoluble precipitate accumulated at the 

bottom of the storage tanks of the WAK reprocessing plant.10 The solid material contains 

mainly Cs and Mo forming the compound Cs3PMo12O40; its vitrification is challenging.223 Mo is 

known to form crystalline, often water-soluble phases within the glass matrix 

(cf. Section 2.1.2.2).224 These separated phases can serve as host for radionuclides with 

potential release in the near field of a deep geological repository in case of water intrusion and 

interaction with the waste product. 

As discussed in Section 2.1.2 borosilicate glasses are successfully applied for vitrification of a 

broad range of nuclear waste materials. The vitrification in laboratory conditions of the 

genuine radioactive solid residue is challenging due to the risk associated with the radiotoxic 

nature of the material. Within a previous study Bahl et al. investigated the vitrification of 

variable loadings of Cs3PMo12O40 and inactive nuclear waste simulate residue in borosilicate 

glass matrix and characterized glass product structures.225 A multicomponent borosilicate 

glass developed at INE was used as a matrix.226 It was found that the Keggin structure of 

Cs3PMo12O40 is decomposed at the applied 1300 °C vitrification temperature. Above 5.19 wt% 

molybdate loading crystalline and water insoluble Ba- and Ca-molybdate phases are formed. 

Additionally, due to the high volatility of Cs melting at 1300 °C for 2 h released ca. 40% of the 

Cs inventory to the atmosphere. Successful integration of the intact Keggin structure of 

Cs3PMo12O40 into the glass matrix may result in a glass product capable of incorporating Cs and 

suitable for final disposal.  

The aims of the here presented investigations are 1) to identify melting temperatures 

preserving the Keggin structure, 2) to characterize the morphology of the glass product at 

different melting temperatures, 3) to quantify the Cs fraction incorporated in the glass as a 

function of the melting temperature and if possible to propose vitrification conditions suitable 

for immobilization of this specific radioactive waste. The here presented study was object of 

the master thesis of Veronika Koldeisz from Department of Inorganic and Analytical Chemistry, 

Budapest University of Technology and Economics, Budapest, Hungary.227 It was performed 

under the supervision of S. Bahl.  

Cs3PMo12O40 is a molybdate compound with a thermodynamically stable Keggin-anion-

structure illustrated in Figure 57. The central tetrahedral phosphate-unit is caged by 12 
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octahedral molybdate MoO42- units. Depending on the cation these compounds possess 

characteristic properties.228-231 

 
Figure 57 Keggin structure of [PMo12O40]3-. The tetrahedral PO43--unit (purple) is caged by 12 octahedral MoO42--
units (grey). (Reproduced with permission from Ref. 232) 

For example, compounds with large counter-ions as Cs and ammonium exhibit a porous 

structure and therefore large specific surface. Cs3PMo12O40 is a highly water insoluble solid 

compound with intensive yellow color. On a microscopic level it consists of spherical 

nanoparticles with an approximate size of 50-1000 nm (Figure 58). Its synthesis, described in 

Section 6.1.1, is accessible by aqueous cation-exchange-reaction.230 Time resolved XAS 

investigations at the Mo K edge do not detect changes of the crystal structure of Cs3PMo12O40 

while heating the material up to its melting point (690 °C233).234  

 
Figure 58 SEM micrograph of Cs3PMo12O40 particles.  
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6.1.1. Experimental 

In the following section the synthesis of the materials and the methods which were used for 

their characterization are described. Section 3 give a general description of the applied 

characterization methods.  

 

Preparation of samples 

Cesium molybdophosphate 

The Cs3PMo12O40 was synthesized by cation exchange reaction using phosphomolybdic acid 

and cesium nitrate according to the following reaction: 

H3PMo12O40 + 3 CsNO3 → Cs3PMo12O40 + HNO3     �15� 
For that purpose 8.22 g H3PMo12O40 (1.00 eq., 4.50 mmol) was dissolved in 140 mL H2O and a 

white insoluble solid, most probably an impurity, was removed by filtration. 4.40 g CsNO3 

(43.22 eq., 194.69 mmol) was added while stirring in air the so far yellow transparent solution. 

After additional 10 min stirring the yellow solid (Figure 59) was obtained by centrifugation 

(2400 rpm 3 min, 2700 rpm 30 min, 2700 rpm 60 min) and three times washing the milky 

non-transparent suspension with H2O. The solid was transferred into a crystallization dish and 

dried for 5 d at 180 °C and with air ventilation. It was pulverized and used without further 

preparation in the vitrification. It was obtained 73.78% corresponding to 7.37 g material. 

 
Figure 59 Powdered Cs3PMo12O40 in a beaker. 

Glass frit 

The glass frit was derived from glass-forming oxides and carbonates (Table 11). The mixture 

was homogenized in a shake-mixer (turbula) for 15 min, transferred to a Pt/Rh crucible, 

calcined for 1 h at 800 °C and heated up to 1250 °C for additional 2 h. The glass melt was 

quenched by pouring it on a stainless steel gutter. The remaining glass in the crucible was also 
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quenched by cooling the outside walls with cold water. Contact between water and glass was 

avoided. All the glass fragments were ground to powder in a vibratory disc-mill (1 min). To 

grant homogeneity to the frit, the powder was re-melted for 2 h at 1250 °C, quenched and 

milled again. The obtained powder was then used in the vitrification process.  

Table 11 Glass forming precursors used to synthesize the glass frit.226 

compound m (g) 

SiO2 95.50 

B2O3 62.10 

Na2CO3 15.94 

Li2CO3 11.51 

Al(OH)3 12.02 

CaCO3 25.54 

MgO 9.32 

BaCO3 9.60 

Sb2O5 1.07 

V2O5 3.20 

Total 245.80 

 

Vitrification of Cs3PMo12O40 

Eight vitrified Cs3PMo12O40 samples were prepared at different temperatures (600 °C, 700 °C, 

800 °C, 900 °C, 1000 °C, 1050 °C, 1100 °C, 1200 °C). The eight samples are labelled as follows: 

VK-03-600 – VK-03-1200, whereas the last number of the label corresponds to the 

vitrification temperature.  

For the preparation of each sample powdered Cs3PMo12O40 (0.6751 g) and frit (14.325 g), with 

total molybdate content of 3.5 wt%, were mixed, homogenized in the turbula (15 min) and 

transferred to the Pt crucible. The crucible was heated for 2 h at the temperatures listed above. 

If it was possible, the melt was quenched by pouring it on a stainless steel gutter. The high 

viscosity of the glass melted up to 1100 °C prevented its pouring. Therefore, the melt was 

quenched by a cool water flow on the outside of the crucible avoiding contact between water 

and glass. After mechanical removing of the glass from the crucible, about two-thirds of the 

sample was ground to powder (1 min, disc mill).  
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Methods and Materials 

Raman Spectroscopy 

The samples were excited by a green laser with 10 mW power. All Raman spectra were 

background corrected and normalized to their maximum.  

X-ray powder diffraction (XRD) 

XRD diffractograms were recorded within the 2θ = 5-80° range, with 7 s integration time per 

step; only for the VK-03-900 and the VK-03-1200 samples 30 s per step integration time was 

applied.  

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

For SEM-EDX studies the specimens were mounted on a metallic Siemens sample holder by an 

electrically conducting graphite glue. To avoid electric charging of the samples in high vacuum, 

its surface was covered by a few nm thick layer of chromium and electric conductivity was 

established by connecting the metallic sample holder and the surface by the graphite glue or 

metallic wires to record SEM images. EDX measurements were mainly performed on 

uncovered surfaces, i.e., before covering the surface with an electric conductive layer.  

Infrared spectroscopy (IR) 

The IR spectra were recorded as described in Section 3. 

Transmission electron microscopy (TEM) 

TEM images and electron diffractograms were recorded as stated in Section 3. 

Crucible 

The crucible used for melting of the glass is made of 90 % platinum and 10 % rhodium and has 

a cylindrical form with a top diameter of 6 cm and a height of 5 cm. The crucible was cleaned 

from remaining glass by a procedure including mechanical removal followed by a chemical 

treatment in 30% HF-solution for approximately 12 hours. 

Furnace 

The furnace used was a HT 04/17 by the company Nabertherm with 5.2 kW power. 

Mill 

A vibratory disc mill (Pulverisette 09.003 by Fritsch) with tungsten carbide grinding tools was 

used.  
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Centrifuge 

The centrifuge Varifuge 3.0 (Heraeus) was used; 20 mL plastic tubes with screw cap were 

applied. 

Chemicals 

The chemicals were provided by VWR International and unless otherwise stated, they are used 

without further purification.  

 

6.1.2. Results and Discussion 

The glass products were investigated by IR, Raman, XRD, TEM-EDX and elemental analysis in 

order to verify if the Keggin structure was preserved at specific vitrification temperatures. 

Photographic images of glass fragments from each sample are shown in Figure 60. It is clearly 

visible that vitrification temperatures of 1100 °C and 1200 °C led to green transparent non-

crystalline glass material. Samples VK-03-1050 and -1000 appear partially crystalline on the 

surface of the glass fragments. The bulk of these two samples is a transparent glass. The surface 

and bulk of VK-03-900, -800 and -700 are non-transparent but predominantly homogenous. 

On the contrary, sample VK-03-600 produced at the lowest vitrification temperature is a 

highly porous white material with a few yellow submillimeter sized grains similar to the 

Cs3PMo12O40 powder. The appearance suggests structural properties which are more 

comparable to a porous alumosilicate material than to a glassy material.  

 
Figure 60 Glass fragments of synthesized samples. 

Vibrational spectra of three samples and two references are shown in Figure 61. The 

Cs3PMo12O40 has a vibrational pattern characteristic for a Keggin type crystal structure. The 
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absorption bands can be assigned to the asymmetric stretching of the tetrahedral 

phosphate-unit (1061 cm-1), the asymmetric stretching of the terminal bound oxygen in Mo=O 

(959 cm-1) and the stretching of the bridging oxygen atoms Mo-O-Mo (861 cm-1, 761 cm-1).231 

 
Figure 61 IR-spectra of the glass frit, Cs3PMo12O40 and three glass samples. 

The glass frit without Mo shows very broad absorption bands caused by the vibration of the 

dominating Si-O network. Sample VK-03-1200 exhibits a similar spectrum with no evident 

Keggin structure pattern. These results strongly suggest that the vitrified Cs3PMo12O40 is 

decomposed. The spectrum of sample VK-03-700 differs only by a low intensity broad band at 

around 793 cm-1 implying decomposition of the Keggin structure too. On the contrary sample 

VK-06-600 exhibits bands at 1061 cm-1 and 959 cm-1 characteristic for Cs3PMo12O40. This 

result confirms that the Keggin structure is partially preserved during the vitrification at 

600 °C. However, the vibration of the bridging oxygen atoms Mo-O-Mo at 869 cm-1 and 793 cm-1 

is shifted to higher wavenumbers compared to Cs3PMo12O40. A similar effect can be seen in the 

recorded Raman spectra shown in Figure 62. The main vibrational bands of Cs3PMo12O40 are 

found at 983 cm-1 and 967 cm-1 whereas sample VK-03-600 shows narrower peaks shifted ca. 

6 cm-1 to higher wavenumbers (990 cm-1 and 973 cm-1). This phenomenon might be caused by 

the interaction of the octahedral MoO42-units on surface of the Cs3PMo12O40 crystalline grains 

with the surrounding silica matrix leading to an increase of the vibrational energy. A change of 

the crystal structure, especially of the outer MoO42--units as indicated by IR spectroscopy, as a 

consequence of high temperature treatment like melting and recrystallization might also be a 

possible explanation. The Raman spectra of the glass samples are compared with spectra of the 

reference materials. The characteristic peaks for Cs3PMo12O40 are clearly visible only for the 



109 
 

VK-03-600 spectrum. CaMoO4 has dominant contribution in almost all spectra except in 

spectra of the amorphous samples VK-03-1100 and -1200. 

 
Figure 62 Normalized and background corrected Raman spectra of the synthesized glass samples and three 
crystalline references. 

Samples VK-03-1100 and -1200 do not contain any crystalline phases. Several Raman 

measurements at different sample positions confirm that samples VK-03-800, -900, -1000 

and -1050 contain both amorphous glass and crystalline CaMoO4. BaMoO4 is not found in 

samples prepared at temperatures higher than 900 °C. As it is found in the study of Bahl et al. 

the content of CaMoO4 phase dominates that of BaMoO4 in agreement with the five times higher 

Ca-content in the glass. The results from all measured Raman spectra are summarized in   

Table 12.  

Table 12 Summary of the results from Raman spectroscopy of samples VK-03-600 to -1200. 

Sample Glass CaMoO4 BaMoO4 Cs3PMo12O40 

VK-03-600  � � �* 

VK-03-700  � �  

VK-03-800 � � �  
VK-03-900 � � �  

VK-03-1000 � �   

VK-03-1050 � �   
VK-03-1100 �    

VK-03-1200 �    
*shifted ~6 cm-1 to higher energies 
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The XRD results are in good agreement with the vibrational spectroscopy data (Figure 64). 

CaMoO4 is found up to 1050 °C, BaMoO4 can be clearly identified at 600 °C and 800 °C. A weak 

reflex at 26.08° for sample VK-03-600, which can be assigned to the Keggin structure, appears 

shifted ca. 0.08° to lower angles. Undissolved Cs3PMo12O40 grains can be seen by SEM        

(Figure 63) and were identified by EDX analysis for sample VK-03-600. Although this sample 

has a crystalline porous appearance, there are no further reflexes referring to any silicate 

crystalline material. Therefore, it is likely that this sample consists of an amorphous matrix 

incorporating crystalline CaMoO4, BaMoO4 and Cs3PMo12O40 components. The broad reflex at 

21.80° in the diffraction pattern of sample VK-03-800 is not identified via comparison with 

pattern of a crystal diffraction database.  

 
Figure 63 SEM picture of an undissolved Cs3PMo12O40 grain in sample VK-03-600.  

 
Figure 64 XRD pattern of the glass samples and three crystalline molybdate-references. 
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Elemental analysis was performed to correlate the Cs loss to the vitrification temperature. It is 

expected that the Cs volatilization increases with increasing temperature due to a higher 

evaporation pressure. As seen in Figure 65 this trend could be observed for melting up to 

900 °C. Unexpectedly, the Cs loss for synthesis at 1000 °C decreases by two-third from 14% to 

5.1% in comparison to the previous sample in the series. For higher temperatures the system 

returns to the expected trend to reach a Cs loss of 14.7% at 1200 °C.  
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Figure 65 Cs loss as function of the vitrification temperature determined by Cs AAS of the KOH digested glass 
samples. 

A probable explanation for this anomaly can be deduced from the appearance of the materials 

(Figure 60). Samples synthesized at temperatures lower than 1000 °C do not show glassy 

appearance and suggest therefore that no glass melt is formed during the vitrification process. 

It is likely that the temperatures are sufficient to transform the components only into a porous 

silica material; this hypothesis is also confirmed by the Raman spectroscopy results. From this 

porous material more Cs can evaporate than from a liquid glass melt due to its high surface-

to-volume ratio. For 1000 °C a glass melt is formed leading to a decreasing Cs loss. Higher 

temperatures favor formation of glass melt. However simultaneously the Cs vapor pressure 

increases and together with the reduced viscosity of the liquid melt might lead to increased Cs 

release.  

XRD, Raman spectroscopy and SEM-EDX results confirm the presence of spherical structures 

of crystalline BaMoO4 and CaMoO4 with diameters ranging from 100 nm up to 2.45 µm both on 

the samples surface and in the bulk for vitrification temperatures up to 1050 °C.225 Recently 

performed TEM investigations gain a new insight into the crystal structure of the crystalline 

regions on the nanometer scale. Figure 66(a) shows a bright-field image of a glass sample with 

a 12.28 wt% MoO3 from a previous study. Relatively dark areas indicated by arrows 



 
112 

correspond to clusters of crystalline phases formed in the glass sample. The average size of 

these clusters is approximately 500 nm in diameter. Figure 66(b) shows a magnified image of 

the area indicated by the dotted square region in Figure 66(a). The increased contrast in 

Figure 66(b) is due to a typical diffraction effect. Figure 66(c-e) depict selected-area electron 

diffraction (SAED) patterns taken from areas indicated by dotted circles 1-3 in Figure 66(b). 

The SAED pattern of area 1 is indexed in terms of the tetragonal lattice of CaMoO4 

(a = 0.5222 nm, c = 1.1452 nm, I41/a). The crystalline zone axis is [201]. A SAED pattern taken 

from area 2 shows a similar SAED pattern to that of area 1. However, the reflections of the [201] 

SAED pattern of area 2 appear at ca. 7% lower angles than that of area 1 which corresponds to 

the reflections of BaMoO4 (a = 0.5548 nm, c = 1.274 nm, I41/a).) In Figure 66(e) a SAED pattern 

taken from area 3 is shown where two SAED patterns taken from areas 1 and 2 overlap. The 

splitting of the reflections due to existence of two crystalline phases is clearly visible. EDX 

analysis identified these phases as CaMoO4 and BaMoO4, respectively. 

 
Figure 66 (a) TEM image of a glass fragment with several crystalline structures. (b) One crystalline structure which 
was measured at different spots. (c-e) Diffraction pattern recorded at spots 1–3 (f-g) Dark field images which show 
the lattice distribution of BaMoO4 and CaMoO4. 
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By separating the diffraction caused by the lattices using the (-1 -1 2) reflections             

(cf. Figure 66(e)) two images are obtained which show the spatial distribution of the identified 

compounds in a dark field image (cf. Figure 66(f-g)). The diffraction spot II in Figure 66(e) 

corresponds in real space to the larger lattice constant of BaMoO4. Although the lattices are 

very similar they grow separately as indicated by Figure 66(f) and Figure 66(g). The images 

are consistent with area 1 and 2 from the SAED patterns of Figure 66(c-d). 

 

6.1.3. Conclusion 

The here presented investigations show that the Keggin structure of Cs3PMo12O40 is partially 

preserved for vitrification temperatures of 600 °C correlated with a low Cs loss of 5%. This 

result indicates that the Keggin structure retains most of the Cs. The released Cs originates 

from the decomposed fraction of the Cs3PMo12O40. However, the high porosity of the obtained 

product suggests that its durability and as a consequence its long-term behavior in a deep 

underground repository might reveal a poor performance. Additionally, the results report 

approximately 5% Cs loss in the glass product obtained at 1000 °C vitrification temperature. 

In this case the immobilization mechanism of Cs is different compared to the 600 °C melted 

material as the Keggin structure is completely decomposed. It can be related to the dissolution 

of the Cs in the highly viscous glass melt. Crystalline agglomerates of CaMoO4 and BaMoO4 form 

below 1050 °C melting temperatures for a total MoO3 content of 3.50 wt%. These crystalline 

phases, having limited solubility in water, are able to incorporate and immobilize radionuclides 

(see Ref. 235) and thus, act as a chemical barrier for radionuclide release from a nuclear waste 

repository. A TEM study using Ln homologues not presented in this work suggests that 

trivalent An will be mainly localized in these regions. In contrary, the undesirable product 

NaMoO4 which has a very high water solubility was not identified. Vitrification temperatures 

of more than 1050 °C led to the uniform dispersion of the molybdate in the amorphous glass 

matrix and result in Cs loss up to 15% due to higher vapor pressure and lower viscosity. 

In summary, the results suggest that the used glass matrix is in principle appropriate for 

vitrification of the Cs3PMo12O40 rich waste at the VEK site by loading the glass with 3.5 wt% 

molybdate and applying 1000 °C melting temperatures. At these conditions the Cs release was 

minimized to 5% with the applied conditions. An active stirring of the melt is recommended to 

further prepare a more or less uniform dispersion of crystalline phases within the glass melt 

and to avoid phase separation as visible in Figure 60. The formed glass product is likely 

suitable for long-term disposal and can be described as a composite material containing 
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borosilicate glass with embedded CaMoO4 and BaMoO4 rich regions. This, however, must be 

proven in dedicated leaching and glass corrosion studies, respectively. 

 

6.2. Tc and Cs rich residuals from vitrification 

Rinsing of the process components and the piping in the main process area of the VEK plant 

after vitrification activities in 2009/2010 yielded around 3000 L of a radioactive solution 

containing significant activities of Cs-137 and Tc-99.236 It was collected in an evaporator 

concentrate tank and probed by liquid sampling on 14th of March 2011. After sampling the 

liquid was distributed in equal volumes to the receipt tank and the evaporator concentrate 

tank. Due to the use of jet pumps and residual liquid in the pipes and tanks the total volume 

was increased by ca. 700 L. A constant dry-air flow was maintained in both tanks. Due to the 

internal energy release of the radioactive decay the solution temperatures averaged between 

30 °C and 45 °C. Within one and a half year both solutions evaporated to dryness 

(approximately 80 kg solid material, more than 1015 Bq). Both temperature and filling level of 

the tanks were monitored and are shown in Figure 67. 

   
Figure 67 Filling levels in the receipt and evaporator concentrate tank as function of the time (left). Temperature 
profile of the solutions in both tanks until dryness and beyond (right). The moment of dryness is indicated. (Data 
from KTE GmbH10) 

Drying process of receipt tank 

When filled on 24th of October 2011, the tank contained 1847 L of the rinsing solution with a 

temperature of 36 °C. The filling level decreased approximately in a linear manner by 

approximately 5.6 L/day at a temperature of ca. 35–40 °C. Merely in June the temperature rose 

to 42 °C, most likely due to a temporary fluctuation in the dry-air flow.  
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Drying process of evaporator concentrate tank 

On 24th of October the tank contained 1805 L of the solution with a temperature at 37 °C. The 

drying rate was with 4 L/day at 35–45 °C lower than in the receipt tank. The reason is unknown. 

Liquid sampling results 

The liquid sample obtained on 14th of March 2011 of the evaporator concentrate tank filled 

with 2970 L was analyzed at INE by ICP-MS237. The results are listed in Table 13 in g/L and 

mmol/L. The solution contained nine major elements dominated by Tc and Cs on a quantity 

basis.  

Table 13 ICP-MS analysis results of liquid sampling of the evaporator concentrate tank on 14th of March 2011. The 
elements with the most relevant concentrations are listed. Standard deviations and more details results are listed 
in Table 41 in the Appendix. 

Element Tc Cs Na Fe La Cr Ni Ba Mn HNO3 

c (g/L) 4.24 3.54 1.26 1.67 1.22 0.33 0.24 0.13 0.09 - 

c (mmol/L) 43.3 26.7 55.0 29.9 8.8 6.4 4.1 0.9 1.6 2740 

 

In addition to the elements listed minor amounts of An elements were found (0.0009 g/L 

Np-237, 0.002 g/L Pu-239, 0.00094 g/L Pu-240). Those elements have not been considered in 

the simulate synthesis due to their radioactivity and low concentration. The HNO3 

concentration was found to be 2.74 mol/L.  

Aim of the project 

The drying of the solutions in the VEK process components was arranged in order to transform 

the radioactive material in a safer solid state. Most of the precipitated material will be most 

likely deposited on the bottom of the tanks while minor amounts could be attached to the walls. 

From their solubility limits the precipitation of CsTcO4, NaTcO4 and several nitrate salts during 

evaporation is roughly estimated (cf. Table 42 in the Appendix). At the moment there is no 

feasible way to visually evaluate or probe the residue material due to technical reasons in 

combination with the very high level of radioactivity. Before the tanks are opened and the dried 

residue is removed a safe handling and immobilization strategy has to be developed and the 

way of disposal of the materials has to be determined. This study has the aim to obtain valuable 

insights in the materials physical and chemical nature and to compare observed solid phase 

formation during drying with solubility limit calculations (cf. Table 41 in the Appendix). 

Points addressed in this study are: 
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• Macroscopic properties of the residue material (form, layering, 

homogenous/heterogeneous, hygroscopic, consistency, hardness, … etc.) 

• Chemical composition and speciation of the solid 

• Insights in the solubility and precipitation behavior of the studied elements 

Those information is considered important for planning for and deciding on further treatment 

procedures related to the removal of the material from the vessel and further treatment and 

conditioning. A specific question was whether the main activity carriers Cs-137 and ReO4- could 

be selectively separated during evaporation. In order to tackle those question the rinsing 

solution was simulated in a laboratory scale experiment (4.86 L) on basis of the analysis results 

reported in Table 13 and evaporated to dryness in a comparable temperature range. A 

stainless steel container was used so that the initial surface-to-volume ratio is similar to the 

genuine situation in the tanks. The characteristics of the resulting solid state material were 

then analyzed by several microscopic and spectroscopic techniques such as SEM-EDX, Raman, 

IR and XRD in addition to ICP-OES/AAS. In Section 6.2.4 several approaches to the 

immobilization of the obtained residue material are discussed.  

The here presented work was object to the GENTLE student research project of master student 

Paul Estevenon from The National Graduate School of Chemistry, Montpellier, France.238 It was 

performed from June to September 2014 under the close supervision of S. Bahl. Its results were 

also reported in a summarized form within a contracted project with the KTE GmbH 

(permission for publication granted by Prof. Urban, KTE GmbH)10. 

 

6.2.1. Experimental 

In the following section the synthesis of the materials and the methods which were used for 

their characterization are described. Section 3 give a general description of the applied 

characterization methods.  

In the following section the methods which are used for characterization of the liquid and solid 

samples are described. For some information the reader is referred to Section 3 describing the 

general setting of the techniques. Afterwards the synthesis of the simulate is described in 

addition to the performed drying process.  

 

  



117 
 

Preparation of samples 

Simulated solution 

The composition of the experimental solution is based on the results from the elemental 

analysis from the 14th of March 2011 of the evaporator concentrate tank (cf. Table 13). For the 

experiment the radioactive elements were surrogated by inactive elements on a mole-by-mole 

basis: Cs-133 for Cs-135/Cs-137 and Re-185 for Tc-99. The justified simulation of Tc by Re due 

to their similar chemical behavior is discussed elsewhere.239 Np-237, Pu-239 and Pu-240 have 

also been identified in the in-tank solution. Because of their low concentration they were 

considered as negligible in the intended investigations and therefore surrogated by La. The 

target composition of the experimental solution is listed in Table 14.  

Table 14 Target composition of the experimental solution used for the drying experiment. It is based on the analysis 
results reported in Table 13.  

Element Re Cs Na Fe La Cr Ni Ba Mn 

c (g/L) 8.06 3.54 1.26 1.67 1.22 0.33 0.24 0.13 0.09 

c (mmol/L) 43.3 26.7 55.0 29.9 8.8 6.4 4.1 0.9 1.6 

 

The amounts of chemicals which were used to prepare the solution are listed in Table 15. 

Rhenium was added by slowly dissolving metallic rhenium (extensive NOx formation) in 65% 

nitric acid according to the reaction: 

3 Re + 4 H+ + 7 NO3- → 3 ReO4- + 7 NO + 2 H2O    (16) 

The loss of H+ was considered in the calculation of the solutions acidity of 2.74 mol/L. The other 

elements (Cs, Na, Fe, La, Cr, Ni, Ba and Mn) were added as nitrates to water as listed in           

Table 15 and stirred until complete dissolution. Afterwards the Re solution was added to the 

aqueous solution of nitrate salts. In total, a clear blue solution of 4.86 L was obtained  

(cf. Figure 68).  
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Table 15 Chemicals used for the synthesis of the experimental solution.  

Compound mth (g) mexp (g) 

Re 39.17 39.19 

Ba(NO3)2 1.20 1.20 

CsNO3 25.35 25.35 

NaNO3 22.68 22.69 

La(NO3)3·6H2O 18.55 18.55 

Mn(NO3)2·4H2O 1.95 1.96 

Fe(NO3)3·9H2O 58.74 58.75 

Ni(NO3)2·6H2O 5.73 5.74 

Cr(NO3)3·9H2O 12.40 12.40 

HNO3 65% 1319 1320 

H2O 3835 3883 

 

Drying of the solution 

The solution was transferred into a stainless steel container with an inner diameter of 19.8 cm, 

a wall thickness of 3 mm and a height of 25 cm. The geometry of the container was designed in 

such a way that the solution has an initial surface-to-volume ratio of 0.64 dm2/L which was 

also the situation in the evaporation and receipt tanks of the VEK. The solution was heated in 

a sand bath to 50 °C in a fume hood and kept at constant temperature (cf. Table 43 in the 

Appendix). The dried material was continuously heated to avoid re-liquefaction by air 

moisture. During the drying process the liquids volume and the temperature were recorded as 

well as 1 mL liquid samples was taken for elemental analysis by ICP-OES (cf. Table 43 in the 

Appendix). 

Solid state material sampling 

The solid residue material revealed a very heterogeneous macroscopic appearance. Three 

major areas were observed on the surface of the residue. They will be described in more detail 

in Section 6.2.2. For SEM measurement, material was taken from the different characteristic 

areas. The samples were dried overnight in a furnace at 60 °C. To avoid hydration, the 

specimens were transferred to a desiccator for storage. It was observed that the samples 

contain remaining water so they were analyzed in the electron microscope in ESEM mode at 

50 to 60 Pa water atmosphere. After SEM-EDX analysis, the same samples were also used for 

Raman spectroscopy analysis. Due to the hygroscopic and corrosive nature of the material only 

one XRD analysis was performed. Corrosion was observed after the measurement on the 

stainless steel parts of the XRD sample holder. For the measurement material from all 
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characteristic areas was collected and comminuted to a homogenous material. Solid samples 

from the different areas were dissolved in nitric acid and diluted in water for ICP-OES 

measurements. The liquid samples taken during the drying process were also analyzed by ICP-

OES. 

 

Methods and Materials 

Raman Spectroscopy 

A red laser was used with power of 50 mW in combination with the 20x objective for 

investigation of the simulated dried residue material. All spectra were background corrected 

and normalized to their maximum.  

X-ray powder diffraction (XRD) 

XRD diffractograms were recorded within the 2θ = 10-70° range with 0.7 s integration time per 

step. The spectrum was background corrected with the OPUS program (Bruker). Reference 

diffractograms collected in the American Mineralogist Crystal Structure (AMCSD) database 

were used. 

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

The SEM-EDX microscope was operated in ESEM mode with an H2O atmosphere of 50 to 60 Pa. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Elemental composition was determined by an Optima 8300 optical emission spectrometer. 

Atomic absorption spectroscopy (AAS) 

These studies were performed using a Perkin Elmer 3300 atomic absorption spectrometer. 

pH measurements 

pH measurements were performed using an Orion 420A pH-meter equipped with an Orion 

8103SC pH electrode. 

Infrared spectroscopy (IR) 

The IR spectra were recorded as stated in Section 3. 
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6.2.2. Results 

Drying process 

The drying process is illustrated in Figure 68. The temperature of the solution was kept 

between 46 °C and 49 °C. With evaporation a change in color was observed caused by the 

transition metal ions in the solution (mainly Cr and Fe). Due to higher concentration of all 

components the liquid turned first to light then to dark green. After 8-9 days the solution was 

evaporated to dryness. An overview about the filling level, the sampling dates and the 

temperature profile is given in Table 43 in the Appendix. The first crystals were observed 

after 5 days when around 75% of the solution was evaporated (cf. Figure 68, 3). A solid dark 

brown heterogeneous residue material was obtained as final product of the drying process as 

shown in Figure 68, 4.  

 
Figure 68 Photographs of the experimental solution in the drying process.  

Figure 69 shows the decrease of the solutions volume. The sampling frequency was increased 

towards the end as a higher possibility for precipitation events was expected. The results from 

liquid sampling S1–S10 are listed in Table 44 in the Appendix. Taking into account the volume 

of the solution the element inventory can be calculated. It accounts for S1 to 16.4 g Cs, 36.8 g 

Re, 5.96 g Na and 7.8 g Fe. As the process of precipitation removes elements from the solutions 

inventory, the liquid sampling is a tool to identify and quantify precipitation from the solution. 

1 2 

3 4 
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The evolution of selected elements is shown in Figure 70. It was found that significant amounts 

of precipitate were formed at 0.34 L residual volume. This is equal to a 15 times higher 

concentration than in the initial state. Re was found to be present in high concentration of 

150 g/L which agrees with its relative high solubility.239 Figure 70 also shows the decrease in 

element fraction from the inventory for low solution volumes. It can be noticed that 

precipitation occurs shortly before dryness between 0.35 L and 0.23 L.  
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Figure 69 Measurement of the volume decrease by time in black. The sampling time of sample S1 to S10 is indicated 
by labelled red marks. The first observation of floating crystals is indicated with a green vertical bar, the dryness of 
the material with a blue vertical bar.  
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Figure 70 Element concentration of selected elements Re, Cs, Fe and Na in the simulate solution as function of the 
solutions volume (left). Decrease of element fraction with decreasing volume (right). The volume of 0.34 L when 
most compounds start to crystallize is indicated with a vertical dashed black line.  

In addition to the element concentration, the density of the solution and the H3O+ concentration 

was determined by geometrical calculations and pH measurement, respectively. They are 

listed in Table 16. The H3O+ concentration increased from initial 2.7 mol/L to 12.9 mol/L. The 
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density increased from 1.1 g/cm3 to 1.67 g/cm3. As every sample taken from the solution had 

a volume of 1 mL the loss of elements can be considered as negligible.  

Table 16 H3O+ concentration and solution density calculated for S1–S10.  

Sample S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

c(H3O+) (mol/L) 2.70 3.32 4.18 10.5 11.8 12.9 12.9 12.9 12.9 12.9 

Density 1.10 1.12 1.16 1.39 1.41 1.46 1.48 1.53 1.56 1.67 

 

Characterization of solid residual material 

As expected, most of the residual material is composed of perrhenates and nitrates. These 

compounds exhibit a very hygroscopic nature such as the material was re-liquidated after a 

few hours when exposed to an ambient air atmosphere. The solid residual showed a 

heterogonous macroscopic appearance. Three major areas could be identified: 

• An area with significant layering. The top layer consists of a solid crust layer with big 

crystals. Below there was either two more bitumen like layers or another dark brown 

crust. This area consists of two or three different layers (cf. Figure 71 left) and is 

therefore called “two layers area” and “three layers area” in the following. 

• A one layer black and bitumen like area with big crystals inside the residue      

(cf. Figure 71 middle). This area is called “one layer area”. 

• An area which looks likes the “one layer area” with a black color but with brown traces 

on the surface. This area revealed to have two layers, one with bitumen like black 

residue and a thin hard layer with green crystals (cf. Figure 71 right). This area is 

called “brown area” in the following. 

 
Figure 71 Photographs of areas in the residual material with significant different characteristics. “Two layers area” 
(left), “one layer area” (middle) and “brown area” (right).  

XRD analysis 

For identification of crystalline solid state compounds in the residual material samples from 

all characteristic areas were taken, homogenized and a XRD diffractogram was recorded 
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(cf. Figure 72). By comparison with known diffraction pattern from a database CsReO4 was 

clearly identified with its main reflex at 24.8°. The low intense reflex at 29.4° coincides with 

the main reflex of NaNO3. Raman spectroscopy will support this finding. No further un-assigned 

reflexes can be observed. As this measurement lead to significant corrosion of the stainless 

steel sample holder no further samples could be investigated. 

  
Figure 72 XRD pattern of homogenized residual material in comparison with reflex positions obtained from AMCSD 
crystal structure database.  

ICP-OES and AAS analysis 

Table 17 lists the results of the elemental analysis performed by solid state sampling, 

dissolution and ICP-OES and AAS measurement. Samples from all characteristic areas were 

taken. For the “two layer area” two samples were taken, respectively. As the results are very 

similar it can be assumed that the areas and layers itself are composed predominantly 

homogenously. In between the areas there are significant differences in elemental distribution. 

Cs differs from 9.97 to 26.94 at%, Re from 14.77 to 34 at%.  

The “two and three layers area” top layers show similar chemical composition. The same 

accounts for their bottom layers. The middle layer of the “three layers area” has a composition 

between the composition of the top layer and the composition of the bottom layer. It can be 

considered as transition layer. Therefore, the “two layers area” and the “three layers” area were 

investigated as one area. 

The “crystal belt area” (crystals which have grown on the walls of the steel container in an 

earlier stage of the drying process) has a composition which is comparable with the “two and 

three layers area” top layers but with less Na and more Fe and La. 
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The “brown area”, which did not seem to be very different from the “one layer area” during the 

first observations has a significantly different composition. The two layers which were 

observed contained a lot of Fe, Re and Cs (more than 75% in molar ratio for the considered 

elements). 

In a general view of the residue the most important concentrations of Ba, Cr, Cs, Fe, Ni and Re 

can be found for the bottom layers (and the top layer of the “brown area”) indicating an early 

precipitation. More than 50 at% of Na is found in the crust top layers (excepted top layer of the 

“brown area”). 

Table 17 ICP-OES and AAS results from sampling of the solid residual material from different areas. The results are 
given in at%. The relative standard deviation of the Cs concentration is given by max. 2.74% whereas the deviation 
for the other elements is max. 5%.  

 

 

SEM observation and EDX analysis 

SEM analyses were performed for twenty different samples from the solid residue. The 

heterogeneous appearance in a macroscopic scale is also reflected in the micrometer scale. 

Large dark NaNO3 crystals of 1–3 mm have often been found embedded in a matrix of paste 

with non-crystalline appearance (cf. Figure 73 left). These crystals were mainly observed in 

the top layers of the material in accordance with the elemental analysis. The paste was found 

in nearly all the sample areas and has more or less constant composition of: 5-10 at% Cr, 

35-45 at% Fe, 0.5-1 at% La, 1-2 at% Mn, 5-10 at% Na, 5-7 at% Ni, 25-30 at% Re, 5-10 at% Cs. 

As it transformed and moves slightly under the electron beam the paste still contained water 

which is heated and vaporized by the electron beam. Another notable structure which often 

appeared is a bright crust on the surface of the sample (cf. Figure 73 right). In this crust-like 
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Ba 0.03 0.47 0.16 0.14 0.63 0.02 0.53 1.07 0.25 0.54 

Cr 2.11 4.58 2.69 4.33 3.00 1.97 4.09 4.73 4.87 3.61 

Fe 9.63 20.45 12.89 20.14 13.56 9.02 18.13 21.37 21.80 16.93 

La 2.84 5.51 9.03 2.43 3.90 4.42 8.00 6.14 5.19 4.99 

Mn 0.60 1.14 0.64 1.13 0.85 0.53 0.95 1.10 1.12 0.91 

Na 54.36 24.00 45.50 14.71 15.03 57.95 32.34 23.00 24.74 31.09 

Ni 1.53 3.20 1.86 3.19 2.12 1.36 2.76 3.20 3.23 2.29 

Re 16.92 25.60 16.74 28.68 33.98 14.77 21.27 24.54 25.00 24.52 

Cs 11.99 15.05 10.50 25.26 26.94 9.97 11.94 14.84 13.79 15.12 
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material high concentrations of Re were correlated with Cs and some Fe. Thus, most likely the 

already identified CsReO4 is one of its main components. 

 

Figure 73 SEM images of sample material from crust of the “two layer area” (left) and the middle layer of the “three 
layer area” (right).  

La was observed correlated with Na in ca. 100 µm sized crystals inside the non-crystalline 

paste (cf. Figure 74). Under continuous electron irradiation the well-shaped crystals cracked 

and degraded.  

 

Figure 74 SEM images of La and Na rich crystals in non-crystalline matrix.  

Raman spectroscopy analysis 

Raman spectroscopy turned out to be very suitable to determine the heterogeneous nature of 

the residue material. Several samples were taken from the characteristic areas of the material 

and analyzed by Raman spectroscopy. The obtained spectra are compared with pure spectra 

of several commercially obtained reference compounds such as CsReO4, NaNO3, CsNO3, 
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Fe(NO3)3 · 9H2O, etc. CsReO4 and NaNO3 are found to be present in nearly all samples 

(cf. Figure 75). The vibrational bands of the references and the samples clearly coincide for 

CsReO4 (190, 730 and 1070 cm-1) and NaNO3 (330, 900, 920 and 970 cm-1). For some 

samples a broad band at 1050 cm-1 can be observed. A comparison with Raman spectra of 

several nitrate compounds such as La, Fe, Cr, Ni, Mn, Ba and Cs nitrate reveals that their main 

feature is positioned at this wavenumber. Therefore, the formation of nitrate compounds can 

be assumed. As the solubility limit for NaReO4 is relatively low compared to the limit of NaNO3 

(cf. Table 42 in the Appendix), its formation under drying conditions is expected (Table 41 

in the Appendix) beside CsReO4. But even though the total molar concentration of Cs is clearly 

lower than that of Re (ratio: ca. 0.65), no evidence for the formation of NaReO4 is found in the 

spectra. It might form non-crystalline Re2O7/Fe(ReO4)3 species or solid mixed phases in lower 

concentration which would be superimposed by the main CsReO4 peak at 1070 cm-1. The 

Raman results support the assumptions drawn from XRD analysis and prove the presence of 

NaNO3.  

 
Figure 75 Raman spectra of several samples from characteristic areas of the residual material compared to 
reference spectra of NaNO3 and CsReO4.  

Infrared Spectroscopy analyses 

The same set of samples was analyzed by IR spectroscopy. The results agree with the 

information obtained by Raman spectroscopy. However, IR analysis enabled the identification 

of Ba(NO3)2 in the first crystals formed on the solutions surface and the wall of the steel 

container (cf. Figure 76). The absorption band at around 900 cm-1 can most likely be attributed 

to perrhenate species. The main IR features of CsReO4 are reported to lie around 900 cm-1.240 
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Figure 76 IR spectrum of crystals formed early in the drying process on the solutions surface and the container wall. 
For comparison pure Ba(NO3)2 reference spectrum is shown. The main absorption bands of Ba(NO3)2 are indicated 
by vertical dashed black lines.  

 

6.2.3. Discussion 

Analysis of the liquid sampling reveal that the crystallization of several compounds is initiated 

during volume reduction where concentrations of nitric acid are high (more than 12 mol/L) 

and elements reach their solubility limit. The precipitating material contains nitrates and 

perrhenate salts, no oxide compounds are identified. Raman and IR spectroscopy have been a 

suitable tools to reveal those species. The hygroscopic nature of the material is a consequence 

of the nitrate and perrhenate compounds. The corrosive behavior of the residue when heated, 

revealed in XRD and TGA analysis (interrupted due to equipment corrosion), is another 

characteristic property of the material. The first compound to precipitated from the 

oversaturated solution is Ba(NO3)2. The flocculation of its white crystals on the solutions 

surface was accompanied by a loss of Ba in the solution. The crystals were found mainly at the 

wall of the container, not in the residue material sediment at the bottom. There, large NaNO3 

crystals of several mm size with a well-defined geometry were identified by XRD, SEM-EDX, 

Raman and IR spectroscopy. They are found mainly in the top crust layers of the residue. The 

expected formation of relatively poorly soluble NaReO4 is not observed (cf. Table 41 in the 

Appendix). Na is additionally found in La rich crystals embedded in a non-crystalline paste 

matrix. They consist most likely of La(NO3)3·H2O and NaNO3. XRD and Raman spectroscopy are 

not able to clearly identify their composition. The precipitation behavior of Re was identified 
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by liquid sampling and XRD/Raman analysis. CsReO4 crystals are formed when the solution 

was evaporated to approximately 1/15th of its initial volume. At this filling level most of the 

other compounds precipitated also. If the dissolution of the residuals in the VEK receipt and 

evaporator tank is preferred over the solid state removal, about 150 L of nitric acid solution 

should be sufficient to re-dissolve the precipitated material from a thermodynamic point of 

view. CsNO3 formation is not observed. Re is found by ICP-OES and SEM-EDX to be correlated 

with Fe. As Re is present in larger molar amounts than Cs, the excess Re may form an Fe salt 

such as Fe(ReO4)3·xH2O. Small crystal sizes and/or the presence of larger amounts of residual 

water may be responsible that no regular crystal lattices, detectable by XRD, form. The 

perrhenate band in the Raman spectrum of Fe(ReO4)3·xH2O might be superimposed by the high 

intense CsReO4 band. It is likely that a major amount of the Fe forms nitrate salt together with 

Ni, Mn, and Cr. As their melting points are very low (Fe(NO3)3·9H2O 47°C, Cr(NO3)3·9H2O 60°C, 

Mn(NO3)2·4H2O 37°C, Ni(NO3)2·6H2O 56°C) and all compounds exhibit a hygroscopic character 

it is likely that these compounds form a non-crystalline material. SEM-EDX measurements 

support this hypothesis as they find considerable amounts of the mentioned cations correlated 

in a paste-like omnipresent matrix.  

The macroscopic structure of the residue is of great interest with regard to its removal and 

further treatment. Areas with one, two or three separate layers were found. The layers differ 

in chemical composition but also consistency. Dry hard material is found at the container wall 

and in the crusts which are underlaid by wet bitumen-like layers. Whereas the former is 

difficult to remove, removing of the latter will be easier. As in the performed experiment the 

material was dried only a few days at approximately 45 °C it is possible that in the meantime 

all water in the receipt and evaporation tank was removed to complete dryness after several 

years (four years at this juncture) under dry-air flow. The material exhibits a very hygroscopic 

and when heated corrosive nature. Due to a late crystallization most of the material can be 

found on the bottom of the tanks. Nevertheless, some material, especially Ba(NO3)2 will be 

deposited also at the container walls. Colored areas can give a hint for high concentration of Cs 

and Tc. The high radiotoxicity, the hardness and the hygroscopic character of the residue will 

make its removal a great challenge. Residue removal will, thus, be difficult and might require 

some redissolution steps.  

Except of the mentioned small deviations the general drying process in the VEK tanks was most 

likely elapsed in the same manner as in the here discussed experiment. Most of the radiotoxic 

Tc and Cs is assumed to be bound in CsTcO4 according to our experimental data for Re. In 

analogy to data obtained for ReO4-, the rest of Tc will be associated with Fe. The formation of 

CsNO3 was not confirmed. Most of the remaining cations form nitrate salts with low melting 



129 
 

point. A selective separation of the main activity carriers Cs-137 and Tc-99 by controlled 

evaporation appears to be impossible. Most dissolved components precipitate more or less 

simultaneously from the solution when precipitating as a consequence of decreasing solution 

volume.  

 

6.2.4. Immobilization 

The immobilization of the Tc and Cs rich residual material is a great challenge due to their high 

volatility at elevated temperatures. As the material is highly radioactive an appropriate 

solidification such as for example vitrification is the favored immobilization method. The 

obtained glass products will be suitable for long-term storage in a deep underground 

repository. As the volatilization of the some elements occurs from the surface of the glass melt, 

low surface-to-volume ratios favor their retention. A so-called “in-can melting” process could 

be therefore favored for the immobilization of the discussed waste.241 Thereby the glass 

forming components and the solid waste are mixed in a crucible with preferentially tall 

geometry and externally heated. As the size of the crucible can be varied this technique is able 

to immobilize wastes from mg to kg scale. The stainless steel container used in the operation 

of the VEK plant would be a suitable crucible in an in-can melting process. Therefore, a 

potential licensing process would be facilitated very much.242  

There are a lot of different glassy systems available. In the following, several experiments are 

presented in order to determine a glass system and vitrification conditions suitable for the 

potential immobilization of the in Section 6.2 discussed residual material. The main focus will 

be on evaluation of the final waste glass product and the volatilization behavior of relevant 

elements within the vitrification. As the vapor pressure of the volatile elements is mainly 

dependent on the temperature, glass systems with preferentially low processing temperature 

will be reviewed. The solid residual material presented previously is used in the following 

immobilization experiments. The elements which are of relevance for volatilization losses are 

Re and Cs.  

 

6.2.4.1. Ba rich borosilicate glass at 950 °C 

The addition of Ba to a borosilicate glass lowers its melting range significantly by modifying 

the glass network structure.243 In the here presented approach, a Ba rich borosilicate glass is 

used enabling the vitrification of the waste simulate at temperatures below 1000 °C. As 
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conventional vitrification with borosilicate glass is often performed at 1100-1200 °C, the 

reduced temperature should have a beneficial influence on the volatilization loss. To study this 

behavior samples are melted from 950 to 1200 °C. To compare the results a glass ("reference 

glass"), developed at INE, will be used as a reference system.226, 244 The compositions of both 

glass frits are depicted in Table 18. 

Table 18 Target composition of the Ba rich243 and reference glass frit226. The Al content of the Ba rich glass was 
slightly increased in order to enhance the chemical durability of the final glass product.  

Compound reference 
frit (wt%) 

Ba rich frit 
(wt%) 

SiO2 53.41 38.50 
B2O3 14.60 24.00 
BaO 4.17 23.00 

Na2O 5.21 12.50 
Al2O3 4.40 2.00 
Li2O 2.60 - 
CaO 8.00 - 
MgO 5.21 - 

Sb2O5 0.60 - 

V2O5 1.80 - 

Total 100 100 

 

In the literature it is reported that Tc can be reduced from its heptavalent Tc(VII) state to its 

less volatile tetravalent Tc(IV) state.245 In order to optimize the Tc retention reducing agents 

will be added to some samples and their influence on the Re which is used in the experiment 

as Tc surrogate will be carefully evaluated. The waste glass samples will be loaded with 5 wt% 

total waste simulate loading in the glass. In addition to the volatilization behavior study the 

final glass products are investigated with regard to phase separations by several microscopic 

and spectroscopic techniques. This should give first information on the possible suitability of 

the product for long-term storage in a deep underground repository.  

The here presented study was object of the “Vertiefungsprojekt”, an extensive lab course 

project, of the Masters student Aaron Beck at KIT, Karlsruhe, Germany. The master project was 

supervised by S. Bahl. Following a short summary of the performed studies will be presented. 

For more details the reader is referred to the project report of Beck.246 
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Experimental 

The glass samples were synthesized using the same materials and tools as reported in 

Section 6.1.1. The characterization methods are described as well in Section 6.1.1. Detailed 

information are reported in the report of Beck.246 

The simulate residue reported in Section 6.2 was used without further manipulations. 

Attracted water was removed by drying at 90 °C. The residue was removed from the 

container wall and bottom. The paste-like material was well mixed to grant a homogenous 

distribution and added to the glass frits. The glass frits were pre-synthesized by melting of 

several oxide and carbonate compounds (cf. Table 45 in the Appendix) 

According to the following redox reactions elemental Si was added for vitrification in reducing 

conditions: 

     4Fe3+ + Si + 2H2O → 4Fe2+ + SiO2 + 4H+    �17� 

4ReO4- + 3Si + 2H2O → 4ReO2 + 3SiO2 + 4OH-    �18� 
The samples nomenclature and the used amounts of waste, frit and reducing agent are listed 

in Table 19. 

Table 19 Overview of the samples which were synthesized from Ba rich and reference frit.  

Sample Ba rich 
frit (g) 

reference 
frit (g) 

Simulate 
residue (g) 

Si 
(mg) 

1.1 8.07 - 0.770 - 

1.2 7.88 - 0.752 - 

1.3 7.90 - 0.754 - 

1.4 8.33 - 0.795 - 

1.5 7.97 - 0.760 - 

1.6 7.92 - 0.755 - 

2.1 - 8.10 0.772 - 

2.2 - 8.05 0.767 - 

3.1 7.96 - 0.759 22.5 

3.2 7.78 - 0.742 44.2 

4.1 8.11 - 1.630 - 

 

The mixture of waste simulate, glass frit powder and reducing agent was filled in a Pt crucible 

and heated to a temperature between 950 °C and 1200 °C with a heating rate of ca. 200 K/min. 
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For all samples the same crucible was used in order to keep the same surface-to-volume ratio 

of 3.0 cm-1. The sample was heated for 2 h at its vitrification temperature and afterwards 

quenched by pouring the melt on a stainless steel gutter. About half of each sample was milled 

for analysis. The samples are shown in Figure 99 in the Appendix. 

Table 20 Overview of samples with waste loading, vitrification temperature and the amount of reducing agent 
added. 

Sample Frit 
Waste loading 

(wt%) 
Temperature 

(°C) 
Si 

(wt%)  

1.1 Ba rich 5 1200 - 

1.2 Ba rich 5 1150 - 

1.3 Ba rich 5 1100 - 

1.4 Ba rich 5 1050 - 

1.5 Ba rich 5 1000 - 

1.6 Ba rich 5 950 - 

2.1 reference glass 5 1200 - 

2.2 reference glass 5 1100 - 

3.1 Ba rich 5 1200 0.27 

3.2 Ba rich 5 1200 0.54 

4.1 Ba rich 10 950 - 

 

Results and Discussion 

The samples are reviewed with regard to their homogeneity and volatilization losses by several 

microscopic, spectroscopic and analytic methods.  

The absence of problematic water-soluble phase separations is a necessary prerequisite for the 

vitrification process and a criterion for quality assessment of the product. The samples, 

prepared as reported in the previous section, are investigated by XRD, Raman and SEM-EDX 

methods. XRD diffractograms do not show any crystalline reflexes for any of the investigated 

samples. Also samples with higher loading, low vitrification temperature or reducing 

conditions do not form any crystalline phases. Raman spectroscopy which is very sensitive to 

the formation of crystalline species does not show any narrow vibration bands characteristic 

for crystalline compounds. Nevertheless, a broader distribution of perrhenate species was 

observed in the Raman spectra. Their intensity decreases with increasing vitrification 

temperature which indicates an elevated Re loss with temperature. For a vitrification 
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temperature of 1200 °C the perrhenate band nearly vanishes. The same accounts for samples 

melted in reducing conditions. The perrhenate Re(VII) species is reduced to Re(IV) and/or 

metallic Re and therefore cannot be detected by Raman spectroscopy. As some small phase 

separations in the µm scale or Raman-inactive species can be invisible to Raman and especially 

XRD, the samples are also investigated by SEM-EDX microscopy. Only for one sample a phase 

separation is found. When the glass is melted with 0.54 wt% Si, metallic Re particles with 

1-5 µm form in the glass matrix. This minor heterogeneity should, however, not impair the 

performance of the waste glass product in a repository as the water-solubility of metallic Re is 

under repository reducing conditions very low.247 In an “in-can melting” process a steel 

crucible would be used. It is possible that due to corrosion of the container additional Fe is 

introduced in the glass melt. As its solubility in borosilicate glasses is very high with 15-25 wt% 

no Fe phase separation is expected and also not observed in own experiments.245 

Leaching experiments on the waste glasses need to be performed in order to allow for the 

assessment on the acceptability for disposal.  

The chemical composition of the samples is analyzed by ICP-MS and ICP-OES after dissolution 

of samples glass powder. As expected significant deviations from the target composition are 

found for the volatile elements Re and Cs. Figure 77 depicts their loss in the melted Ba rich 

and reference glass as function of the temperature. The measurements confirm the rising 

element loss with higher temperatures. The reasons therefore are most likely found in the 

increased vapor pressure and the enhanced element diffusion due to lower viscosity of the melt. 

The overall losses of Re and Cs in the Ba rich glass system are drastic. Whereas the Cs loss 

ranges from 61% to 80% the Re loss is 83% to 100%. Despite higher vitrification temperature 

the performance of the reference glass is even superior over the Ba rich glass. At 1200 °C the 

Cs loss accounts for 50% and the Re loss for 81%. It ca be assumed that at the applied 

conditions the viscosity of the melt is a more important factor compared to the vapor pressure. 

From observation the viscosity of the Ba rich melt seemed to be at 950 °C even lower than the 

viscosity of the reference melt at 1200 °C.  
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Figure 77 Re and Cs loss for the Ba rich and reference glass samples synthesized at different vitrification 
temperatures. Whereas the Re loss is relates to the left y-axis the Cs loss is displayed at the right y-axis.  

More Re can be retained in the glass matrix when it is reduced. At 1200 °C the addition of 

0.27 wt% of elemental Si resulted in a Re retention of additional 3%, addition of 0.54 wt% of 

Si in an additional Re retention of 7%. The reduced loss of Re is a consequence of the lower 

vapor pressure of tetravalent and metallic Re compared to the perrhenate species. The rather 

low enhanced Re retention can have several reasons. As Re can be re-oxidized in the melt by 

air O2 on the bath surface or by N from the nitrate salts which are reduced to NOx species the 

used amount of Si might not be sufficient. Also some of the Re might be already volatilized 

before a redox reaction with Si can occur. If this is the fact the efficiency of the reduction 

strategy would be decreased. Therefore, a very good mixture and small particle sizes of added 

components prior to melting are of great importance to establish a homogenous melt as fast as 

possible. By increasing the loading to 10 wt% the loss of Re and Cs raises from 83 to 91% and 

61 to 67%.  

In summary, it can be concluded that the discussed vitrification has the capability to be suited 

for immobilization with regard to the quality of the final glass product but in terms of Re and 

Cs volatilization the glass systems shows poor performance. Re and Cs loss of approximately 

80% and 60% is not an acceptable solution for the immobilization of waste with volatile 

elements. Nevertheless, the use of reducing agent leads to enhanced Re retention. Further 

experiments are necessary to optimize the amount of reducing agent. As the reducing of 

perrhenate species has an advantageous effect on the Re retention it is possible to use this tool 

also in other glass systems for retention optimization. On basis of the performed experiments 
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the significant influence of the melt viscosity on the volatilization is indicated. More promising 

approaches might be done by reducing the vitrification temperature even more and to use 

glassy systems with higher viscosity at the processible temperature.  

 

6.2.4.2. Alternative approaches 

As the Ba rich borosilicate glass discussed in the previous section did not emerge as suitable 

host matrix for the immobilization of the Tc and Cs rich waste a broader approach towards the 

immobilization of the waste was performed in which four potential host matrices are screened. 

They are shortly introduced in the following section. To address the volatilization loss of Re, 

samples with and without reducing agent were synthesized transforming Re(VII) in less 

volatile Re(IV) and/or Re(0) species (cf. also Section 7). The amount of reducing agent applied 

in the most reduced sample for each system was calculated taking into account the reduction 

of NO3- to NO, Fe(III) to Fe(II) and Re(VII) to Re(IV). The sample with half the reducing agent is 

half-stoichiometric to the redox reactions described above (cf. a, b and c in Table 27).  

Na rich borosilicate glass with addition of TiO2 

Banerjee et al. studied the effect of TiO2 addition on the Cs volatilization from a borosilicate 

glass melted at 900 °C. The TiO2 was found to incorporate in the glass as a network former as 

well as a network modifier. It was suggested that TiO2 influences the Cs-O bonding nature and 

thereby increases the Cs retention. They optimized the TiO2 add-on to 5 wt% minimizing the 

Cs volatilization (loss: 4.2%). In addition this glass revealed a good leaching performance.248 

The optimized composition was used in the here presented study to vitrify the Cs and Re rich 

waste simulate adopting the vitrification conditions of Banerjee et al. 

Oxide ceramic CsAlTiO4 

CsAlTiO4 is a three-dimensional ordered macroporous ternary oxide whose structure is formed 

by tetrahedral TiO4 and AlO4 subunits.249 It can be synthesized amongst other routes by 

simultaneously heating of Cs2CO3, TiO2 and Al2O3 for 5 h at 1000 °C without significant Cs loss. 

In the here presented study less Cs2CO3 was added. As an additional Cs source the Cs from the 

waste simulate was used. Re is assumed to incorporate homogenously as a ReO4-tetrahedral 

subunit in the heated material.  
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Lead-tin fluorophosphate glass 

Whereas the most borosilicate glasses are obtained by melting the components to 

temperatures of more than 1000 °C, phosphate salt melts with a tailored composition can be 

melted at temperatures below 500 °C yielding a glassy material after quenching. A 

fluorophosphates glass with addition of Pb and Sn developed by Tick et al. can be processed at 

450 °C.250, 251 It is assumed that the vapor pressure of Cs and Tc/Re species is low at these 

temperatures (cf. Table 42 in the Appendix). As a result the loss of Cs and Tc/Re might be 

significantly reduced compared to the previous experiments performed at 950-1200 °C 

melting temperatures.  

Titanosilicate ETS-10 

The working group of Pavel et al. reported the loss-free immobilization of Cs in ETS-10 

titanosilicate material. The Cs was incorporated into the ETS-10 structure by liquid ion 

exchange reaction prior to heating. Heating of the dried Cs loaded ETS-10 to 800 °C yielded a 

glassy composite material with homogenous Cs distribution.252 This process was utilized for 

immobilization of the waste simulate. As the liquid ion exchange reaction might be difficult to 

realize for the genuine waste a second batch of samples was prepared. The solid ETS-10 matrix 

and the solid waste were sintered without liquid mixing and the volatilization loss reviewed.  

In the following a summary of the investigation is presented. The study was performed within 

the first stage of the Master’s thesis project of Aaron Beck supervised by S. Bahl. The aim of the 

study is to screen the Cs and Re retention performance of the different matrices. All samples 

were loaded with 5 wt% of waste simulate. In order to achieve reducing conditions suitable 

reducing agents were added (Si, Ti or Sn) following the general principle to introduce as few 

as possible additional elements in the system. 

In the second stage of the Master project the most promising system will be selected and 

optimized with regard to the Cs and Tc/Re retention ability. In addition, the leaching 

performance of the immobilization product will be probed by a standard leaching test. These 

experiments will be completed in May 2017 and are not part of the here presented doctoral 

thesis of S. Bahl. 
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Experimental 

In the following section the synthesis of the materials is described. Section 3 gives a general 

description of the applied characterization methods.  

Na rich borosilicate glass with addition of TiO2 

The glass frit was synthesized by mixing 34.5 g SiO2, 26.7 g B2O3, 23.6 g Na2CO3 and 5.09 g TiO2 

powders for ca. 15 min in a shake-mixer. The mixture was transferred into a platinum crucible, 

calcined at 800 °C for 1 hour and melted at 1200 °C for 2 hours. The molten glass was quenched 

by pouring it into a steel mold. To ensure homogeneity of the glass frit it was ground for 30 s 

in a vibrating cup mill and melted again at 1100 °C. 

For waste immobilization the frit glass powder was mixed with simulated waste (cf. Table 21) 

in an agate mortar and transferred to an Al2O3 crucible in which the mixture was heated to 

900 °C for 2 h. Before pouring into a steel mold the melt was heated to 1000 °C for additional 

15 min. Reducing conditions were obtained by adding Si powder to the vitrification feed 

mixture.  

Table 21 Amounts of starting materials used for immobilization of waste simulate in the Na rich borosilicate 
glass/TiO2 glass system. a, b and c relate to the samples synthesized without reducing agent, half-stoichiometric 
and stoichiometric, respectively. 

Material a b c 

glass frit 7.13 g 7.11 g 7.13 g 

Si - 45.5 mg 91.4 mg 

waste simulate 680 mg 678 mg 680 mg 

 

Oxide ceramic CsAlTiO4 

The waste simulate was immobilized in a CsAlTiO4 matrix by mixing the components listed in 

Table 22 in an agate mortar and for 15 min in a shake-mixer. The mixture was transferred to 

a Al2O3 crucible and heated to 950 °C for 6 h. The solid material in the crucible was removed 

from the furnace and cooled at room temperature. By cutting with a low speed diamond saw 

(cooling agent: isopropanol) the material was separated from the Al2O3 crucible. Reducing 

conditions were obtained by adding Ti powder to the starting materials. CsAlTiO4 as suitable 

immobilization matrix for Cs and Tc rich solid waste was proposed by K. Popa from 

JRC-Karlsruhe.  
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Table 22 Starting materials used for immobilization of the waste simulate in a CsAlTiO4 matrix. a, b and c relate to 
the samples synthesized without reducing agent, half-stoichiometric and stoichiometric, respectively. 

Material a b c 

Cs2CO3 4.23 g 4.23 g 4.23 g 

TiO2 2.11 g 1.98 g 1.86 g 

Al2O3 1.35 g 1.35 g 1.35 g 

Ti - 80.5 mg 156 mg 

waste simulate 680 mg 679 mg 681 mg 

 

Lead-tin fluorophosphate glass 

The waste simulate was immobilized in the ultra-low melting phosphate glass matrix by mixing 

the starting materials listed in Table 23 in an agate mortar and for 15 min in a shake-mixer. 

The mixture was transferred to an Al2O3 crucible and heated to 450 °C for 45 min. The solid 

material in the crucible was removed from the furnace and cooled at room temperature. By 

cutting with a low speed diamond saw (cooling agent: isopropanol) the material was separated 

from the Al2O3 crucible. Reducing conditions were obtained by adding Sn powder to the 

starting materials. 

Table 23 Starting materials used for immobilization of the waste simulate in a fluorophosphates glass. a, b and c 
relate to the samples synthesized without reducing agent, half-stoichiometric and stoichiometric, respectively. 

Material a b c 

PbF2 558 mg 558 mg 558 mg 

SnF2 2.54 g 2.54 g 2.54 g 

SnO 2.19 g 1.75 g 1.31 g 

NH4H2PO4 2.99 g 2.99 g 2.99 g 

Sn - 384 mg 769 mg 

waste simulate 681 mg 680 mg 680 mg 

 

Titanosilicate ETS-10 

The immobilization of waste simulate in the ETS-10 matrix was performed by mixing the 

ETS-10 and the waste simulate listed in Table 24 in an agate mortar and for 15 min in a shake-

mixer. The ETS-10 material was provided by M. Ignat from Alexandru Ioan Cuza University in 

Iași, Romania. Samples a, b and c listed in the table were directly melted at 950 °C in an Al2O3 

crucible. Samples a*, b* and c* were preconditioned by transferring the mixture of the starting 

materials in a glass beaker adding 50 mL of deionized water and stirring for ca. 3 h. The 

suspension was left overnight without stirring. Heating the suspension to ca. 80-90 °C while 

stirring removed most of the water. Remaining moisture was removed in a drying furnace at 

80 °C for three days. The solid material was then ground in a vibration mill for 30 s. The powder 



139 
 

was transferred to an Al2O3 crucible and melted at 950 °C. By cutting with a low speed diamond 

saw (cooling agent: isopropanol) the materials from both sample series were separated from 

their crucibles. Reducing conditions were obtained by adding Si powder to the vitrification feed 

mixture before melting (cf. Table 24). 

Table 24 Starting materials used for immobilization of the waste simulate in the ETS-10 matrix. a, b and c relate to 
the samples synthesized without reducing agent, half-stoichiometric and stoichiometric, respectively. Sample a*, b* 
and c* were pre-conditioned for Cs ion exchange (Si was added after the pre-conditioning). 

Material a b c a* b* c* 

ETS-10 8.24 g 8.24 g 8.24 g 8.24 g 8.24 g 8.24 g 

Si - 45.5 mg 90.9 mg - 45.6 mg 90.9 mg 

waste simulate 680 mg 680 mg 680 mg 680 mg 680 mg 680 mg 

*starting materials were pre-conditioned with water 

Synchrotron-based X-ray fluorescence (XRF) measurements 

Semi-quantitative X-ray fluorescence (XRF) analysis was performed at the INE-Beamline 

(cf. Section 3) for all heated sample materials. Pellets with a diameter of 4 mm and ca. 1 mm 

thickness were prepared by mixing sample powder (ground with agate mortar and pestle) with 

microcrystalline cellulose in a mass ratio of 2:1 and pressing with a hand press. The sample 

pellets were uniformly distributed on a 77 x 71 x 2 mm Plexiglass plate using self-adhesive 

polyimide Kapton tape. In addition to the prepared sample pellets, reference pellets were 

prepared for each system in order to quantify the Re and Cs content. Therefore, powder of the 

respective immobilization matrix was mixed with the solid waste simulate in a well defined 

ratio (cf. Table 25). From this mixture pellets were prepared according to the procedure 

describe above.  

Table 25 Amount of material used for XRF analysis. 

 
Respective 

glass frit 
(mg) 

Cs2CO3 
(g) 

Al2O3 
(g) 

TiO2 
(g) 

ETS-10 
(mg) 

waste simulate 
(mg) 

Sodium borosilicate glass + TiO2 985 - - - - 94.0 

CsAlTiO4 (oxide ceramic) - 2.11 1.35 4.23 - 680 

Tin fluorophosphate system 713 - - - - 68.0 

ETS-10 titanosilicate - - - - 824 68.0 

 

For measurement the sample holder was placed on the goniometer at an angle of 45° with 

respect to the X-ray beam. The X-ray fluorescence was recorded with two silicon drift detectors 

in parallel (Hitachi High-Technologies Science America, 4-pixel Vortex ME4-multichannel 

system and the Vortex-60VX) perpendicular to the incident X-ray beam in a distance of about 
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85 mm. The incident beam was monochromatized by the DCM equipped with Si(111) and 

Ge(422) crystals for Cs (6.9 keV) and Re (10.6 keV) measurement, respectively. A toroidal 

mirror focused the beam to a spot size of approximately 500 x 300 µm2 onto the sample. Its 

incident intensity was recorded using an Ar filled ionization chamber.  

The obtained XRF data were analyzed by using the PyMCA software.94 The Cs fluorescence was 

normalized to the Ti signal. In the phosphate glass system the Sn fluorescence signal was used 

instead. Re fluorescence intensities were quantified via the Re signal obtained from the 

prepared reference samples. It was assumed that there was no volatilization of Ti, Sn and Fe 

during the heating process. 

The Re content for the Ti borosilicate glass and the ETS-10 system was additionally determined 

by ICP-OES. The findings were in agreement with the observed trend of the Re XRF analysis. 

For consistency reasons only the results obtained from XRF analysis are discussed.  

 

Results and Discussion 

Table 26 Systems used for waste simulate immobilization and their respective processing conditions.  

System Temperature Reducing agent 

Sodium borosilicate glass + TiO2 
900 °C (2h) 

1000 °C (15 min) 
Si 

CsAlTiO4 (oxide ceramic) 950 °C (6 h) Ti 

Tin fluorophosphate system 450 °C (45 min) Sn 

ETS-10 titanosilicate 950 °C (2 h) Si 

 

An overview on the applied systems is depicted in Table 26. Cs volatilization was either 

addressed by significantly reduced heating temperature or by chemical retention. Re 

incorporation also profits from low-temperature processing but also from the addition of 

reducing agent which transforms highly volatile Re(VII) to its less volatile oxidation states 

(e.g., as Re(IV) and/or Re(0)). Figure 78 depicts photographic images of selected synthesized 

samples. 
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The Ti borosilicate glass samples were glassy materials with homogenous appearance. The 

application of reducing agent transformed the yellow/brown glass which was obtained 

without a reducing agent into a nontransparent black glass.  

The CsAlTiO4 samples were porous ceramic material with predominantly greenish color. The 

surface of the samples revealed a brownish character.  

The fluorophosphate samples were clearly heterogeneous black/grey composite materials. 

Residuals on the inner crucible wall indicated a significant bubbling of the melt while heated.  

No difference was observed in the appearance of the ETS-10 samples with and without water 

pre-conditioning. All samples were obtained as nontransparent grey/black glassy materials 

with inclusion of bubbles. In these cavities and at the surface of the samples an isolated a 

water-soluble yellow phase was identified.  

 
Figure 78 Photographic images of the synthesized samples in different host matrices: a) TiO2 borosilicate glass, b) 
CsAlTiO4, c) fluorophosphate glass, and d) ETS-10.  

The Cs and Re content was determined by XRF spectroscopy by normalizing the emitted 

fluorescence intensity to the Fe signal of the respective sample. Fe is assumed to be a 

non-volatile element under the applied conditions. The obtained concentrations were 

compared to the target Cs and Re content and listed in Table 27 as retention in percent for 

each studied system. 
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Table 27 Volatilization and appearance characteristics of four immobilization matrices potentially suited for the 
immobilization of Tc and Cs rich waste. a) Samples synthesized without reducing agent, b) with half-stoichiometric 
amount of reducing agent, and c) with stoichiometric amount of reducing agent. 

Matrix 
Cs retention (%) Re retention (%) Appearance 

a b c a b c  

TiO2 borosilicate glass 45 41 43 19 17 16 Homogenous glass 

CsAlTiO4 93 93 94 17 64 50 Homogenous ceramic 

Fluorophosphates 

glass 
122 82 130 123 104 103 Highly heterogeneous 

ETS-10* 
71 

(69) 
69 (67) 71 (64) 28 (14) 23 (14) 25 (15) 

Glassy material, phase 

separation 

*Values in brackets relate to samples preconditioned in aqueous solution for Cs ion exchange. 

The Ti in the borosilicate glass system which is assumed to have a retention effect on the Cs 

according to the literature showed rather poor performance. Heating at 900 °C for 2 h 

incorporated only ca. 40% of the Cs in the glass. This is comparable with the Cs loss observed 

for the waste simulate immobilization in the Ba rich borosilicate glass reported in the 

Section 6.2.4.1. Approximately 80% of the Re is volatilized within the heating process. As Re 

has a higher volatility than Cs, manifesting in lower melting and boiling points239, 253 (see also 

Table 42 in the Appendix), a lower retention is expected. Unexpectedly, no effect of the 

reducing agent on the Re volatilization was observed. Most likely the main fraction of the Re is 

already volatilized from the solid mixture before the required temperature is reached to melt 

the glass frit enabling redox reactions. Similar volatilization behavior is discussed in Section 7. 

Due to the high loss rates the Ti borosilicate glass system is not suitable for immobilization of 

the discussed waste form.  

The CsAlTiO4 was able to incorporate more than 90% of the total Cs inventory although the 

samples were heated for 6 h. It has to be noted that two sources of Cs were added to this system. 

The minority of the Cs (ca. 1.9%) originated from the waste simulate representing the 

radioactive Cs while most of the Cs (98.1%) was added as Cs2CO3 for building-up the host 

matrix. Assuming that the total Cs loss of 10% is independent from its initial chemical form 

most of the “waste simulate Cs” was incorporated in the matrix and the “waste simulate Cs” 

loss is negligible (ca. 0.1%). This could be easily reviewed by repeating the experiment using 

radioactive marked Cs (e.g., Cs-137) in the waste simulate. By measuring the remaining activity 

of the CsAlTiO4 product the retention of the waste Cs could be determined. The application of 

a reducing agent yielded an increased Re retention of 50-64% compared to ca. 17% when the 

solid mixture was heated without reducing agent. This confirmed the positive retention effect 

of a reducing agent on the Re retention. Considering the heating duration of 6h this is a 

reasonable performance. The fact that Re retention is not enhanced in the sample with 
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stoichiometric added reducing agent compared to the half-stoichiometric application indicates 

that some other effect might be also involved as consequence of the reducing agent addition 

(e.g., decreased bubbling or reduced viscosity of the melt). It is also possible that in the initial 

heating phase a fraction of Re is lost and the amount of reducing agent in the half-

stoichiometric sample is sufficient to reduce all of the remaining Re. This would be in 

agreement with the Re retention of approximately 50%. Due to the revealed properties of the 

studied CsAlTiO4 system it is recommended to continue with a more detailed study. 

The Cs and the Re content of the phosphate glass system fluctuated drastically yielding an 

unrealistic Cs and Re retention of ca. 120% and 110%, respectively. The samples appeared 

heterogeneous. Due to the fact that the heating temperature of 450 °C is below the melting 

temperature of CsReO4 of 620 °C (cf. Table 42 in the Appendix) it can be assumed that most 

of the CsReO4 did not incorporate in the matrix but rather was distributed heterogeneously 

within the samples. Pressed cellulose pellets were used for the XRF analysis. As only a fraction 

of the solid sample was ground to powder the analyzed specimen might not be representative 

for the averaged sample composition which could be an explanation for the analyzed Cs and 

Re concentrations above 100%. An additional source of Cs content uncertainty might be the 

XRF normalization method. For the phosphate glass the X-ray fluorescence was normalized to 

the Sn content whose fluorescence is absorbed significantly by the Ar content in the air. 

Therefore, small variations in the geometry of sample and detector had a considerable 

influence on the Cs determination in this system. Whether the remaining CsReO4 material and 

the highly heterogeneous appearance of the samples have an effect on the immobilization 

performance of the material needs to be investigated. 

The ETS-10 material showed an average Cs retention potential of ca. 70% independent of the 

aqueous preconditioning. The incorporation of the Cs in the ETS-10 network by ion exchange 

reaction as performed by Pavel et al.252 did not yield an increased Cs retention. A poor Re 

retention of ca. 25% was achieved while the reducing agent did not have a positive effect 

similar to the Ti borosilicate glass system. The aqueous preconditioning had a negative impact 

on the Re retention (15%). The reason remains unknown. While the ETS-10 material might be 

a considerable immobilization system for Cs containing wastes it shows poor performance for 

Re immobilization.  

One of the four investigated immobilization systems emerged as potential candidate for the 

immobilization of the in Section 6.2 discussed waste. The CsAlTiO4 host matrix incorporated 

up to 90% of Cs and 60% of Re notwithstanding the fact that the samples were heated for a 

relative long time of 6 h. Further optimization of the process could lead to higher retention 
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rates by lowering the heating time and/or temperature. Standard leaching test will provide a 

first estimation of the corrosion behavior of the material. A ceramic predominantly 

homogenous material was obtained which could potentially be suited for final disposal. The 

ETS-10 system might be a candidate for Cs immobilization by incorporating up to 70% Cs. But 

the reducing agent did not increase the Re retention which was found to be only 25%. Due to 

their poor retention rates and heterogeneous appearance both the Ti borosilicate and the 

phosphate glass systems are considered as inappropriate for immobilization of the Cs and 

Tc(Re) rich waste.  
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7. In-situ observation of noble metal particle (NMP) formation and their 

fate in a borosilicate melt 

FPs causing trouble in the vitrification of HLLW originating from SNF reprocessing can be 

grouped in two categories: Volatile and glass insoluble elements. Main representative of the 

first group are Cs and Tc. Both elements are radiologically of high importance as they account 

for a considerable share of the initial radioactivity of reprocessed waste. Cs and Tc exhibit high 

volatility under the high-temperature conditions of the vitrification process rendering their 

incorporation into the glass melt an essential challenge for this technology (see also 

Section 6.2).  

The insoluble PGMs (Pd, Ru and Rh) are of less radiological relevance but play an important 

role in the processing behavior as they do not dissolve in the borosilicate glass melt and form 

immiscible particles, so-called noble metal particles (NMP). In a liquid-fed vitrification process 

these particles are primarily formed within the 2-5 cm thick reaction zone between the molten 

glass and the HLLW solution. This zone floating on the surface of the glass pool is called 

cold-cap and is described later in this section. The NMPs leave the lower part of the cold-cap 

and tend to sediment to the bottom of the melter forming sludge with high viscosity and 

increased electrical conductivity. This behavior can result in serious consequences for the 

vitrification process such as short circuits between the electrodes in a JHCM and plugging of 

the bottom drain.9 Due to its great relevance the topic of NMP formation and management is 

widely discussed in several studies.8, 9, 254-256 Nevertheless, no completely satisfying 

countermeasures could be presented yet.  

The present study has the aim to contribute to the understanding of the behavior of the 

aforementioned troublesome elements on the vitrification process by in-situ application of an 

X-ray CT setup.7 Thereby, 3D cross-section X-ray tomography images can be recorded and 

processed into a 3D model. The methodology is based on the average X-ray absorption 

reflecting the materials density and elemental composition. Glass frit and PGM doped HLLW 

simulate were adapted from the vitrification process of the Rokkasho vitrification plant in 

Japan.257  

The formation mechanism of the NMPs was examined by reproducing the cold-cap vitrification 

conditions in which the NMP formation and precipitation was expected. The results were 

compared to existing hypotheses on the formation of the particles.8, 9 Additionally, two 

approaches were studied aiming to suppress the formation of RuO2 by adjustment of the 

vitrification parameters. RuO2 is considered to have the most severe impact on the 
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sedimentation of NMPs. Therefore, waste glasses were synthesized using either reducing 

agents or glass frit powder (smaller than 500 µm). Krause and Luckscheiter predict a reduced 

RuO2 formation by application of these countermeasures. 9 

As the ongoing fate of the formed NMPs is of great importance to the technical process their 

sedimentation behavior was monitored in-situ by X-ray CT techniques. Two sedimentation 

hypotheses were reviewed: 1) The formation of felted NMP clusters in the melt and their 

subsequent sedimentation, as well as 2) The entrapment of convection-dragged particles on 

the bottom of the melter.258 To track the particles movement it was necessary to develop a new 

melting furnace with reduced dimensions in order to increase the spatial resolution of the 

X-ray CT technique to the level of the NMP collectives.  

In addition, the volatilization behavior of Cs and Re (as Tc surrogate) was monitored and the 

effect of the RuO2 countermeasures on the elements loss determined. From experience and 

literature it is known that decreased sample surface and the addition of a reducing agent can 

have a beneficial influence on the retention of volatile elements.  

Briefly, the study was thematically divided into three stages:  

(1) Identification of the NMP formation in cold-cap mimicking conditions (section NMP 

formation in a cold-cap) 

(2) Evaluation of the effectiveness of countermeasures (reducing agents, size of glass particles) 

on the NMP formation (section Countermeasures to the RuO2 formation) 

(3) In-situ monitoring of the NMP fate in a convection driven circulating glass melt (section In-

situ monitoring of NMP sedimentation) 

As this is the first study of its kind the general applicability of the CT setup to questions arising 

from the vitrification of PGM-containing wastes is a valuable contribution to the scientific 

discussion of the characterization of NMP behavior in glass processing techniques.  

Properties of NMP and sedimentation mechanism 

HLLW originating from reprocessing of commercial SNF contains typically 2-6 g/L of the FP 

PGMs (Ru, Rh and Pd). A targeted waste loading of approximately 16 wt% yields a waste glass 

with ca. 1-3 wt% of PGMs. Their solubility in borosilicate glass melts is exceptional low (tens 

to thousands of ppm).259 Therefore, they can be found as precipitated 

particles – predominantly RuO2 and Pd (alloyed with Rh and/or Te). In Figure 79 a SEM 

micrograph of a NMP “collective” in which Pd particles are surrounded by RuO2 needles can be 
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seen. The NMPs tend to sediment in the glass melt to the bottom of the melter forming a viscous 

sludge which complicates their draining. Such behavior is the reason for the design of a new 

melter class with highly sloped bottoms angels (up to 60°) facilitating the drainage of 

PGM-containing glass melts.8, 33  

 
Figure 79 SEM micrograph of a polished borosilicate glass (grey homogenous matrix) containing significant 
amounts of Pd (bright spherical particle of ca. 3 µm diameter) and RuO2 (felted submicron needle particles). 

The most severe impact on vitrification processes have needle-shaped RuO2 particles.260 RuO2 

forms a tetragonal rutil structure in which Ru is octahedrally coordinated by O atoms.261 

Whereas Pd or Pt particles exhibit excellent metallic electric conductivity, the conductivity of 

oxidic compounds is commonly lower by orders of magnitudes. Nevertheless, RuO2 is an 

exception and is considered as ceramic material with metal-like electric conductivity.262 This 

extraordinary behavior is attributed to a super-exchange of electrons between the Ru atoms 

via its dioxo-bridges. The electrical resistance of a glass melt containing 0.5-0.7 vol% RuO2 was 

found to have an electric conductivity enhanced by several orders of magnitudes as 

demonstrated by Pflieger et al..263 In combination with its tenacious settlement on the melter’s 

bottom the increased electric conductivity leads to severe problems in a JHCM by reducing the 

effectiveness of the electric current heating. Even short-circuits are possible risking to damage 

parts of the melter installation.9  

At vitrification conditions of up to 1200 °C RuO2 is apparently the stable state in the glass 

melt.259 At temperatures above 1200 °C the O2 partial pressure of RuO2 increases until its 

decomposition at 1580 °C.264 The sedimentation mechanism of the NMPs is highly debated.9, 

258, 265 Calculations showed that applying the Stokes’ law to Pd particles taking into account 

their shape, density and size distribution did not indicate any sedimentation behavior which is 
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in accordance to experimental findings. Subsequently, modelling of the settling behavior of the 

even smaller RuO2 needles yielded sedimentation rates also negligible compared to the 

convection drag forces. Nevertheless, in industrial processes and laboratory based 

experiments drastically increased RuO2 concentrations in the lower part of the glass melts are 

observed. The low viscosity of the formed RuO2 sludge leads to the entrapment of Pd particles 

which finally enrich also on the bottom of the melter. Schill et al.258 proposed a hypothesis of 

an interaction of the RuO2 with the melter tank surface: The RuO2 particles dragged 

horizontally above the bottom of the melter might be halted by obstacles on the floor such as 

roughness of the refractory or already deposited agglomerates when they enter a certain 

entrapment height. However, experimental evidence confirming the proposed mechanisms 

could not be found yet.  

The research group of Kelm et al.266 proposed a sedimentation hypothesis involving the felting 

of the RuO2 particles in the 1990s. According to their experience RuO2 needles agglomerate 

forming large compacts in which the incorporated glass melt serves as bonding agent. These 

stable compacts can build up to several hundred µm. Their density is decreased compared to 

pure Pd or RuO2 but due to their large apparent particle size the sedimentation rate can be 

significantly enhanced.  

Description of cold-cap 

Closer attention has to be paid to the cold-cap which is the expected location of the NMP 

formation. The cold-cap (or sometimes called “batch blanket”) indicates a layer of melter feed 

floating on a pool of molten glass in an electrical glass-melting furnace.267 In the one-stage 

vitrification process for nuclear waste (cf. Section 2.1.2.3) the melter feed typically consists of 

a HNO3 slurry containing ca. 40-60% of water. In dependence of the liquid waste and glass frit 

feed rate the cold-cap can cover nearly the entire glass melt surface. An extensive coverage has 

a beneficial effect on the retention of volatile elements as the cap can reduce their volatilization 

by trapping them with its lower temperature. In the different layers numerous complex 

chemical reactions and physical processes take place. Figure 80 illustrates a schematic model 

of a cold-cap fed by HLLW and glass beads. Due to the cold liquid waste on the top and the hot 

glass melt on the bottom of the cold-cap a strong temperature gradient in the cap is established 

determining its structuring. In the liquid evaporation layer water is transferred to the gas 

phase of the melter’s plenum. It is removed by the exhaust system. The remaining precipitated 

nitrate salts are calcined in the calcination layer from 100 °C on decomposing the salts to their 

respective oxidic compounds. The calcination is accompanied by strong NOx gas formation. At 

around 500-600 °C the glass beads soften and glass chemical reactions with the calcined HLLW 
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are initiated. This temperature region is called transformation layer. In a last step the waste 

components dissolve in the molten glass before convection forces distribute them in the entire 

pool. NMPs are here transported from the cold-cap into the molten glass.  

  
Figure 80 Schematic illustration of a liquid fed cold-cap structuring. Its composition is related to the temperature 
gradient. (Reproduced with permission from Ref. 268) 

 

7.1. Experimental 

Methods and Materials 

Glass frit 

The composition of the glass used in this study was adapted from a glass which is used in the 

vitrification plant Rokkasho, Japan.257 Its complete composition is not yet published. The glass 

frit contains about 60 wt% SiO2 and 18.2 wt% B2O3. 21.8 wt% are composed by Na2O, Li2O, CaO, 

Al2O3, ZnO. The glass beads size distribution is given in Table 46 in the Appendix. 

Glass powder was obtained by milling of glass beads. Therefore, the glass beads were fused in 

an Al2O3 crucible for 1 h at 600 °C. The glass block was quenched by pouring cold water on it 

before dried in a drying furnace at 90 °C for 10 min. The milling was performed first in an 

automatic mortar mill and final hand milling with mortar and pestle. A powder of 10 µm 

particle sizes was obtained by glass sieving.  
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HLLW simulate 

The commercially prepared HLLW simulate solution mimics the HLLW composition which is 

vitrified in the Rokkasho vitrification plant (cf. Table 28). Its quantitative composition will be 

published by JNFL in the future. Radioactive components of the genuine HLLW were replaced 

by inactive isotopes in the simulate solution on a mole-by-mole basis. Tc was surrogated by Mn 

while the An were replaced by Ln. The prepared HLLW simulate had significant amounts of fine 

dispersed deposits. Before using these undissolved solids were suspended (cf. Figure 100 in 

the Appendix).  

Re was additionally added to the HLLW simulate used for review of the RuO2 formation 

countermeasures and their effect on Re/Tc volatilization. Therefore, 40 mg of Re powder were 

dissolved under strong NOx generation in 0.5 mL of HNO3 (conc.). The yellow clear solution was 

mixed with 44.59 mL HLLW simulate solution.  

Table 28 Qualitative composition of the commercially prepared HLLW simulate solution.  

Compounds 

Na2O Rh2O3 

P2O5 PdO 

K2O Ag2O 

Cr2O3 ZnO 

Fe2O3 TeO2 

NiO Cs2O 

CoO BaO 

SrO La2O3 

Y2O3 Ce2O3 

ZrO2 Pr2O3 

MoO3 Nd2O3 

MnO Sm2O3 

RuO2 Gd2O3 
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Preparation of solid HLLW simulate mixed with glass frit 

For vitrification the simulated HLLW solution was mixed with the glass beads/powder in the 

ratio 89.18 mL solution to 30 g of glass which relates to a waste oxide loading of 22 wt% in the 

glass product. The mix was transferred to a Teflon container and placed on a sand bath with 

temperature of ca. 120 °C. When most of the water was evaporated and a crust started to form 

on the surface the sand bath was dimmed to 90 °C. Occasional agitating was necessary in order 

to remove the solid crust which prevented the evaporation of the remaining water. The mixture 

was solidified within 6-10 h. The precipitated HLLW simulate compounds were mainly sticking 

to the surface of the glass beads (cf. Figure 81). 

 
Figure 81 Preparation of the dried HLLW simulate with glass beads. The mix was heated on a sand bath.  

X-ray CT setup and furnace 

The X-ray CT furnace was designed and constructed by the research group of Yano et al. and 

the setup is described by Watanabe et al.7 Figure 82 illustrates the functionality of X-ray CT 

installation. The electrons of the X-ray tube were accelerated with 160-200 kV and a current of 

90-200 mA is generated. The distance from X-ray source to sample (SOD) and from X-ray 

source to detector (SID) determined the magnification and resolution of the recorded CT data. 

For the vitrification process recorded with the CT setup the SOD was set to 180 mm and SID to 

600 mm.  

The resolution of all X-ray CT measurements was set to 1024 x 1024 pixels while the samples 

were turned either 360 degrees (CT of vitrification process) or 180 degrees (in-situ monitoring 
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of the NMP sedimentation). The measurements were performed mainly twice for every sample 

recording 600 or 1200 slices per sample. 

 
Figure 82 Schematic illustrations of high-temperature furnace and X-ray CT setup. The sample stage can be turned 
for the CT measurement. The distance between the X-ray source, the sample and the detector can be varied in order 
to define magnification and spatial resolution.  

The standard furnace used to observe the vitrification process was equipped with five 

independent heating circuits coupled with thermocouples for temperature monitoring. The 

samples were positioned in heating zone 3. For calibration of the furnace the temperature in 

the empty silica tube serving as crucible was measured and compared to the set temperature 

within the commissioning of the setup (cf. Table 29).7 These data were used for temperature 

correction. Samples in the furnace were ramped with 11.5 K/min (heating and cooling) 

corresponding to a heating rate after correction of ca. 10 K/min. The temperature profiles of 

heating zone 3, the set temperature and the temperature of the silica tube are displayed in 

Figure 101 in the Appendix).  

The small furnace was uniformly heated by several heating circuits to the set temperature. No 

calibration data are available. Due to its reduced dimensions it is assumed that the set 

temperature correlated closely to the sample temperature. The maximum temperature of 

1000 °C was reached by heating with 10K/min.  
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Table 29 Calibration data of the standard X-ray CT furnace.  

Time 
(min) 

Set temperature 
(°C) 

Temperature in 
silica tube (°C) 

0 0 22 

10 115 158 

20 230 292 

30 345 417 

40 460 529 

50 575 635 

60 690 738 

70 805 838 

80 920 937 

90 1035 1032 

100 1150 1052 

 

X-ray CT software 

For processing of the X-ray CT data the software VG studio max version 2.2 was used. It was 

used to generate the X-ray CT 3D model of a glass fragment depicted in Figure 84. 

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) 

A JEOL JCM-6000 electron microscope was used for fast scanning of the samples in high-vacuum 

and ESEM mode. High resolution electron microscopic images were recorded using the 

electron microscope and EDX detector described in Section 3.  

X-ray powder diffraction (XRD) 

X-ray powder diffractograms were recorded with a Bruker Advance D8 diffractometer using 

Cu-Kα-radiation (λ = 0.15406 nm) and Bragg-Brentano (θ-2θ)-geometry (U = 35 kV, 

I = 300 mA). At room temperature the angle range from 2θ = 20-60 ° with a step size of 0.023 ° 

was measured. Diffractograms of the ISV samples were recorded with same integration time. 

Reflexes where identified by comparison with the International Centre for Diffraction Data 

(ICDD) database.269 Integration of the diffraction signals was performed with the Origin 

software before the diffractograms were background corrected.95 The Pd reflexes were 

integrated from 39.7-40.6° whereas the RuO2 reflexes between 27.9-28.4° and 35.0-35.6° were 

used for integration. Background correction and slight smoothing of the spectra was 

performed with the EVA software (Bruker). 
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Micro X-ray fluorescence spectroscopy (µ-XRF) 

Elemental distribution maps were recorded with a Bruker M4 Tornado µ-XRF spectrometer. 

The X-ray source operated with 50 kV at a tube current of 600 µA. The samples were evacuated 

to 20 mbar and the X-rays detected by a XFlash silicon drift detector with an energy resolution 

of less than 145 eV. The scanning step size was set to either 12 or 25 µm and scanned in one or 

two cycles and from 2.2–30 s integration time per point. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Elemental analysis was performed by digesting approximately 800 mg of the glass samples and 

determination of the Mo, Si, B, P, Mn and Re concentration. All measurements were performed 

as duplicates and the average value was used for evaluation. All concentrations were 

normalized to an average SiO2 concentration of 50.71% (Raw data: ISV-ox 51.18%, 

ISV-powder 49.29% and ISV-red 51.65%). The analyses were performed with an Optima 8300 

optical emission spectrometer. 

Experiments 

NMP formation in transformation and glass reaction layer of a cold-cap 

For each sample 44.59 mL HLLW simulate were dried mixed with 15 g glass beads according 

to the procedure described in the previous section. The material was transferred to a small 

Al2O3 crucible and placed at room temperature into a high-temperature furnace and heated 

with 5 K/min to the desired temperature which was maintained for 2 h. To avoid 

contamination of the furnace chamber by splashing the small crucible was placed into a bigger 

Al2O3 crucible and covered with an Al2O3 cap (cf. Figure 102 in the Appendix). Afterwards the 

crucible was removed from the furnace and quenched in air being covered by a bigger graphite 

crucible. The synthesized samples B500-B1200 are shown in Figure 83. They are labeled 

according to their maximum vitrification temperature: B500: 500 °C, B600: 600 °C, 

B700: 700 °C, B800: 800 °C B900: 900 °C, B1000: 1000 °C, B1200: 1200 °C.  
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Figure 83 Synthesized glass samples from 500-1200 °C: a) B500, b) B600, c) B700, d) B800, e) B900, f) B1000, g) 
B1200.  

For analysis the glass samples were cut with a water-cooled buzz saw and ground on a disc 

turning table with sandpaper (grain size 400 and 1500). Polishing of the glass surface was done 

with 9 µm and 3 µm water based diamond paste. In-between the grinding and polishing steps 

the specimens were cleaned in ultrasonic bath with deionized water for 5 min respectively. 

Polished samples of B600 and B800-B1200 are shown in Figure 103 in the Appendix. 

Countermeasures to the RuO2 formation 

For vitrification in the CT furnace Re doped simulated HLLW solution was used to synthesize 

the mixture of solid HLLW simulate and glass beads or powder (10 µm particle size). Ca. 17 g 

of this mixture were used in each experiment. For the application of reducing conditions 1 wt% 

of Si powder (ca. 0.17 g) was added to the mixture prior heating. The furnace was ramped with 

10 K/min to the set temperature of 1200 °C which was maintained for 2 h. According to the 

calibration curve of the furnace the sample reached a maximum temperature of 1050–1100 °C 

instead of 1200 °C (cf. Table 29 and Figure 101 in the Appendix). Cooling of the sample was 

performed with 10 K/min to ca. 400-600 °C. Hereupon the silica tube was removed from the 

furnace and cooled in air where the tube and the containing melted glass cracked after a few 

seconds. Within the heating and cooling process X-ray CT pictures were recorded every 2, 5 or 

10 min. Photographic pictures of the upper part of the silica tube were taken every 15 s with a 

Nikon D5300 camera♥ (18-55 mm VR II objective with polarization filter). For evaluation both 

X-ray CT and camera images were processed to time lapse videos with 25 fps.  
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In-situ monitoring of NMP sedimentation 

These experiments were performed in a furnace with reduced dimensions in order to decrease 

the SOD to 100 mm (SID = 1000 mm) for optimized resolution. The glass product B1200 was 

used for NMP movement monitoring. Therefore, ca. 0.59 g of the glass was filled in a small silica 

glass tube with inner diameter of approximately 6.8 mm in form of powder (less than 500 µm) 

or glass fragments. The sample was heated with 10 K/min to 1000 °C and kept at this 

temperature for some time. Every 2 min an X-ray CT measurement was performed. The 

recording of a measurement took ca. 30 s. 

 

7.2. Results 

NMP formation in a cold-cap 

In order to mimic the conditions of the lower part of a cold-cap (cf. Figure 80) glass samples 

were synthesized at vitrification temperatures from 500-1200 °C. To simulate the drying 

process which the HLLW undergoes before reaching the calcination layer the HLLW simulate 

was dried in the presence of glass frit beads to whose surface most of the dried HLLW simulate 

was attached. The melting process is described in Section 7.1. Figure 83 and Figure 103 in 

the Appendix depict photographs of the synthesized samples. Heating up to 500 °C lead to the 

calcination of the dried HLLW simulate but did not melt the glass beads. The obtained material 

was brittle and disintegrated while sawing. In B600 the glass beads were just melted 

incorporating the waste components. The sample revealed large cavities (cf. Figure 103 in the 

Appendix). From 700-1200 °C glassy materials with dense amorphous appearance were 

obtained. 

X-ray CT measurement of the solid samples revealed a heterogeneous X-ray absorption pattern 

which can be attributed to differences in the density and/or elemental distribution of the 

samples. Due to the quenched solid state of the specimens high-quality X-ray CT scans were 

performed (recording time: ca. 1 h) and processed generating 3D models illustrating the spatial 

X-ray absorption. Figure 84 left shows exemplary the 3D CT model of B1200. Increased 

concentrations of heavier elements were found at the bottom, the surface and in certain areas 

within the solidified melt. 3D evaluation revealed pronounced “channels” of heavier elements 

crossing the glass. On contrary, some areas of the glass were free of heavier elements. µ-XRF 

investigation identified areas with increased X-ray absorption which is assigned to the 

presence of significant amounts of Ru and Pd while other waste elements were homogenously 

distributed in the B1200 glass sample (cf. Figure 84, middle). The Al concentration fluctuated 
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continuously within a small range in the samples. Areas with increased PGM concentration 

were also possible to distinguish by careful optical observation in agreement with results from 

CT and µ-XRF (cf. Figure 84, right). Similar results were obtained for B1000. Minor 

heterogeneity of additional waste elements (Ce, Cr and Nd) appear for the B900, whereas all 

waste components were heterogeneously distributed in B800 and B600 samples.  

 
Figure 84 X-ray CT measurement of a B1200 specimen (left). Green areas indicate areas with high X-ray absorption. 
This can be due to higher material density and/or the presence of heavier elements. µ-XRF mapping of Ru and Pd of 
B1200 specimen (middle). Brighter areas indicate high concentration of Re/Pd. Photograph of a B1200 specimen 
(right). The units of the scale are in cm.  

Five main species (RuO2 needles, Ru big particle, Pd particle, Ce particles, Nd particles) were 

identified by SEM-EDX investigations (cf. Figure 85). The results are in good agreement with 

the findings of the µ-XRF investigations and are summarized in Table 30. In B600 and B700 

big Ca-molybdate crystals with 200 µm size are identified too (not shown). The RuO2 needles 

appear in all samples as felted collectives while other areas of the samples are entirely free of 

RuO2. Spherical Pd particles are predominantly embedded in RuO2 collectives. For B700 only 

small number of Pd particles is detected. Large Ru particles with more than 10 µm diameter 

exhibit a spinose structure while growing from a big bulky part. They are found in all samples 

except B1200 and B700. As the prepared surface of B700 is very small it is assumed that the 

particles are also present in this sample but are not detected by SEM. To check whether the 

formation of these particles can be attributed to the slow cooling rate (10 K/min) a glass 

sample was synthesized under the same conditions and at 800 °C but quenched by pouring its 

glass melt on a stainless steel plate which cooled the melt within several seconds to room 

temperature. In the quenched glass sample no large Ru particles are found by electron 

microscopy. However, the presence of large Ru particles in areas other than investigated 

cannot be completely excluded. 
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Figure 85 Backscattered electron micrographs of a polished glass sample a) B600, b) B700, c) B800, d) B900, e) 
B1000, f) B1200. 

Table 30 Results of SEM-EDX investigations. The secondary and backscattered electron signals in combination with 
EDX results help to identify five main species in the glass samples B600-B1200. B600 and B700 contain minor 
amounts of RuO2 and Pd particles, respectively, which is shown with brackets in the table.  

 RuO2 needles Ru big particle Pd particles Ce particles Nd particles 

500 °C* n.a. n.a. n.a. n.a. n.a. 

600 °C (�) �  � � 

700 C° � �† (�) � � 

800 °C � � � � � 

900 °C � � � � � 

1000 °C � � �   

1200 °C �  �   

*preparation of applicable SEM sample was not possible 
†particles were not found in the prepared sample but their existence is likely 

XRD analyses were performed with samples B500-B1200. As an unprocessed reference 

material dried HLLW simulate mixed with glass powder was also measured (cf. Figure 86). 
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The diffraction pattern are compared to data from a crystal structure database. RuO2 is clearly 

identified for B700-B1200. For B600 only weak reflexes are observed. These results are in 

accordance with results from SEM and µ-XRF analyses. The intensities of the RuO2 reflexes 

increase from B600 to B1000. Sample B1200 shows similar RuO2 intensity as B900. B500 

does not reveal RuO2 typical reflexes. Metallic Pd is clearly identified in B800-B1000. The XRD 

pattern for B1200 does not exhibit a pronounced Pd signal whereas SEM-EDX analyses 

illustrate large amounts of micrometer-sized Pd particles (cf. Figure 85). Vitrification 

temperatures of 600 °C and 700 °C lead to the significant contribution of Ln-silicates and/or 

Ln-oxides in the glass samples; those are identified mainly as Ce and Nd phases by SEM-EDX. 

In accordance with its decomposition temperature of 600-700 °C NaNO3 is still present in B500 

in addition to several Ru and Mo salts.270 Broad silicate reflexes visible in the non-heated 

mixture vanish after heating to 500 °C.  

 

Figure 86 Powder XRD pattern of glass samples B500-B1200 in addition to an unprocessed reference material of 
dried HLLW simulate mixed with glass powder.  

Countermeasures to the RuO2 formation 

In order to evaluate the countermeasures for formation of RuO2 particles proposed by Krause 

and Luckscheiter three experiments were performed: 1) Melting of Re containing dried HLLW 

simulate with glass beads, 2) Melting of Re containing dried HLLW simulate with sieved glass 

powder (particle size less than 10 µm), 3) Melting of Re containing dried HLLW simulate with 

glass beads and addition of 1 wt% metallic Si (cf. Section 7.1). The experiments are denoted 

by ISV-ox(idizing), ISV-powder and ISV-red(ucing) according to the applied conditions. All 
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samples were heated to a target temperature of 1200 °C for 2 h. The set temperature, the 

temperature of the heating zone and the sample temperature differ according to the calibration 

data (cf. Table 29). The temperature profiles are plotted in Figure 101 in the Appendix. The 

sample temperature is extrapolated from calibration measurement of an empty silica tube. Due 

to phase transitions and chemical reactions the temperature in the sample might be a bit lower 

than indicated.  

The CT data suggests two main transformation processes illustrated exemplarily in Figure 87 

for ISV-ox. In contrast to the 3D model analysis presented in Figure 84 only cross-section 

measurements were possible for in-situ investigations. High-quality data required for 3D CT 

processing were in need of several minutes/hours recording time.  

At ca. 370 °C the dried HLLW simulate and the glass beads rearrange and compact while the 

glass beads stay in shape. At approximately 740 °C a massive bubbling is initiated. Within this 

transformation the glass beads melt and the waste components are dissolved. From ca. 940 °C 

on a melt with minor bubble formation remains. At temperatures from 1050 °C on a dense 

homogenous glass melt is observed by the CT. It is possible to correlate the discussed 

phenomena to observations of exhaust gas formation (cf. Figure 88). At ca. 200 °C remaining 

water, most likely crystallization water, leaves the sample and steam up at the upper glass tube 

wall. Afterwards, two major stages of NOx release are observed. The first stage starts at 

ca. 300 °C producing significant amounts of the gas, the second stage is initiated at 

approximately 640 °C generating less NOx. Above 1000 °C no gas formation is detected.  

 
Figure 87 CT cross-sections of experiment ISV-ox. The pictures represent the whole sample volume melted in a 
silica tube.  
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Figure 88 Photographic observation of the exhaust gas formation in the upper silica tube end of ISV-ox. Yellow-
brown colouring indicates the formation of NOx gasses. In the first photograph a steaming of the upper glass wall 
can be observed.  

Figure 104–Figure 107 in the Appendix depict the CT cross-sections and the photographs for 

ISV-powder and ISV-red. The compaction of the dried waste simulate mixed with the glass 

powder is found to appear at an elevated temperature of 570 °C. The material symmetrically 

shrinks together building a sintered body before it suddenly liquidates. Between ISV-ox and 

ISV-red no differences are observed by CT and photographic analysis.  

SEM-EDX analysis of the samples report an amorphous glass with numerous inclusions of Pd 

and RuO2 particles similar to the samples from the previous experiments melted at higher than 

1000 °C. RuO2 needles are found for all ISV samples with comparable size distributions. 

Spherical Pd particles with typical 1-2 µm diameter are always associated with a collective of 

RuO2 needles. Some of the Pd particles from ISV-red have a larger diameter of approximately 

5 µm (cf. Figure 108 in the Appendix). A peculiar structure is found for the ISV-powder. It is 

best described as a spinous, sometimes closed agglomerate of small crystals with predominant 

formation direction and a typical size of 10-40 µm. Two examples are shown in Figure 89. 

According to SEM-EDX this collective exclusively consists of Ru (~30 at%) and O (~46 at%). 

This leads to the conclusion that these agglomerates are similar to the large Ru particles which 

are identified in B600-B1000 (cf. Figure 85). The formation of these isolated phases seem to 

be correlated to the presence of Pd particles which often reside inside but are not necessarily 

directly connected to the RuO2.  
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Figure 89 RuO2 agglomerates of ca. 20 µm size formed in sample ISV-powder. The bright object in the left 
micrograph is a Pd particle alloyed with ca. 6 wt% of Te. Bright spots neighbouring the spinous RuO2 structures are 
also Pd particles.  

To evaluate the effectiveness of the applied countermeasures, powder XRD analysis was 

performed (cf. Figure 90). Pd and RuO2 reflexes can be identified in all three samples. In 

addition, in ISV-powder, some broad reflexes at diffraction angles characteristic for silicate 

compounds appear. As the samples were measured with the same integration time the 

intensities of the reflexes can be compared. The peak areas of reflexes can in general be 

correlated to the amount of crystal phase present in the sample whereas the broadness of the 

reflex reflects the size of the crystals (e.g., well defined large crystals obtain sharper reflexes). 

The intensities of the reflexes for both Pd and RuO2 clearly change for the different samples. 

Whereas the RuO2 signals are most pronounced in ISV-ox the Pd diffraction is most significant 

for both ISV-ox and ISV-powder. In ISV-red the Pd peak at around 40° is broader 

(FWHM 0.50°) compared to ISV-ox and ISV-powder (FWHM 0.25° and 0.33°).  

The peaks at 28.2, 35.3 and 40.1° were integrated with the same integration windows for all 

three samples. Figure 91 depicts the peak areas of the Pd and the sum of the main RuO2 

reflexes. While the contribution of Pd particles is higher for both countermeasures the 

formation of RuO2 is significantly reduced. Considering ISV-ox as reference system the Pd 

formation is increased by a factor of 1.3 and 1.1 while the RuO2 is decreased by a factor of 

1.6 and 1.4 for ISV-powder and ISV-red, respectively.  

The broad reflex at approximately 39.4° for the ISV-powder is not present in the other 

diffractograms. This un-assigned peak might misleadingly be contributed to the area of the Pd 

peak.  
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Figure 90 Powder XRD diffractograms of the ISV samples. Identified phases are labelled with symbols.  

  

Figure 91 Peak areas of the Pd reflex at 40.1° and the peak area sum of the RuO2 reflexes at 28.2° and 35.3°.  

The contents of the elements in the glasses were determined using KOH digestion and ICP-OES 

analysis and are reported in Table 31. The use of 10 µm glass powder instead of glass beads 

improves Re retention by a factor of approximately 3 while the addition of Si as reducing agent 

retains Re by a factor of ca. 2 relative to ISV-ox.  

Table 31 Re ICP-OES analysis of the ISV experiments after KOH digestion of the glass samples.  

 
ICP-OES 

ReO4 (wt%) 
Target ReO4 

(wt%) 
Retention 
ReO4 (%) 

ISV-ox 0.037 0.31 12 

ISV-powder 0.110 0.31 35 

ISV-red 0.070 0.31 23 
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In-situ monitoring of NMP sedimentation 

To monitor the movement of the NMPs in a convection dragged glass melt several identical 

experiments were performed and evaluated as a collective. A well characterized glass from the 

cold-cap layer experiment (B1200) was used in the melting process. NMPs appeared in this 

sample as spherical Pd particles with size of ca. 1-3 µm and as submicron RuO2 needles felted 

in larger collectives with size of more than 500 µm. Glass fragments of B1200 were transferred 

into a small silica tube which was heated in a furnace with reduced dimensions. The recording 

of one X-ray CT measurement took ca. 30 s while processing occupied another 1-2 min. 

Therefore, about every 2 min a scan was performed sufficient to record a smooth movement 

of the NMPs. Time lapse videos were produced from the recorded CT images with durations of 

1-8 s at 7 frames per second (fps) (0-2 s at 25 fps). The progress of one experiment is illustrated 

in Figure 92. Black gas bubbles rise in an ascending movement to the surface of the glass melt. 

As the spatial and the image quality is not sufficient to identify single Pd or RuO2 particles only 

the larger NMP collectives were monitored. Bright areas of ca. 200-1000 µm move in a defined 

way in all directions of the melt. From this movement convection currents can be deduced. In 

all performed experiments the predominant movement direction at the glass tube walls is 

downwards before flowing horizontally over the tube bottom in a distance of less than 1 mm 

followed by an upwards movement in the center of the melt. Independent from the convection 

flows, larger NMP agglomerates of approximately 1 mm size seem to exhibit a preferential 

downwards movement suggesting a sedimentation behavior. Due to repeated failure of the 

X-ray CT machine the duration of the videos is limited and the potential settlement could not 

be finally observed. In one experiment a central spiral movement of the NMP collectives 

involving approximately 70% of the glass melt was identified.  

 
Figure 92 X-ray CT images of a glass melt containing large NMP agglomerates, recorded every 4 min. Clearly the 
rising movement of black gas bubbles can be tracked. NMP domains appear as bright areas, dragged by convection 
forces in a directed pattern (marked in the first image with blue arrows).  
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7.3. Discussion 

NMP formation in a cold-cap 

To investigate the formation of the NMPs dried HLLW simulate was vitrified at different 

temperatures between 500-1200 °C mimicking the conditions in the different lower cold-cap 

layers (transformation and glass reaction layer). Generally, the comparability of the 

synthesized samples with a genuine liquid fed cold-cap is limited. Heat and mass transfer, gas 

evolution and thickness differ. Nevertheless, the formation of NMPs is expected to depend 

mainly on the temperature. Temperatures similar to a real vitrification process are applied, 

hence, NMP formation in the synthesized samples is similar to their formation in a cold-cap. 

The general assumption is made that the particles of interest are present in the glass melt and 

do not change in composition or structure while the glass melt solidifies. This assumption 

seems to be justified by insights from earlier studies.8, 9 

Heating to 500 °C led to a calcination of the waste components, temperature of 600 °C melted 

the glass beads forming an early waste glass whose melt is highly viscous as revealed from the 

encapsulated gas bubbles. µ-XRF and X-ray CT gave complementary information on the PGM 

distribution. The 3D distribution of heavier elements was determined by CT while µ-XRF 

identified these areas as Ru and Pd rich agglomerates. These areas were preferentially found 

on the bottom of the crucible and on the melt surface. While the first represents the 

characteristic NMP behavior of sedimentation, the latter might be due to surface effects such 

as surface tension entrapping some of the NMPs. In the bulk of the samples PGM rich “channel” 

were observed while other areas were entirely free of the heavy elements. It can be assumed 

that some sort of interaction between the NMPs leads to growing agglomeration while the 

particles move in the glass melt. This observation is in accordance with the experiences of Kelm 

et al.266 Most likely the felting of RuO2 needles is responsible for the build-up trapping also 

spherical Pd particles while being dragged through the melt.  

The fluctuations in the Al concentration can be explained by an Al release from the Al2O3 

crucible as consequence of glass corrosion.271, 272 As Al is a well soluble element in the 

borosilicate glass melt no influence on the performed investigations is assumed.  

µ-XRF, XRD and SEM-EDX report in agreement the presence of Ce and Nd separated phases for 

a vitrification temperature lower than 900 °C. As the calcination of their respective nitrate salts 

is expected to be completed at 600 °C,273 the elements are most likely present in their oxidic 

form. XRD supports this assumption. Temperatures of more than 900 °C are required in order 

to dissolve these Ln in the glass.  
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The discovery of the large Ru rich crystals with up to 10 µm in diameter for most vitrification 

temperatures except 1200 °C was unexpected. According to the calculations of Schill et al. these 

particles should have the potential to sediment due to their size and density providing a 

possible Ru sedimentation route.258 The phases looked like undamaged well crystallized 

structures. Therefore, it is suspected that they are not present in the glass melt but form while 

the glass melt solidifies while slowly being cooled down in air (several minutes for 

solidification). To check whether the formation of these particles can be attributed to the slow 

cooling rate a similar glass sample was melted at 800 °C and quenched by pouring the glass 

melt on a stainless steel plate causing the melt to cool very rapidly within seconds. In a 

specimen prepared from these samples no big Ru particles were found. As the SEM 

investigations were limited by the prepared specimens surface and machine time the presence 

of bigger Ru particle can not necessarily be excluded. For a final statement on the formation of 

the large Ru structures further studies are necessary. 

The first characteristic needle RuO2 particles are observed consistently by SEM and XRD at 

vitrification at 700 °C suggesting that they form predominantly in the temperature range of 

600-700 °C.  

While numerous Pd particles were identified for melting at 1200 °C by SEM-EDX the 

corresponding diffraction pattern reveals an unexpectedly low Pd signal. Also the RuO2 

reflexes are significantly reduced. Due to the heterogeneous distribution of the PGMs it is 

possible that glass fragments with low NMP concentration were used for preparation of the 

glass powder for XRD analysis. In analogy to the Ru particles Pd was also found to be first 

formed in relevant amounts at 700 °C. As this is the lowest temperature for liquidation of the 

glass beads it can be assumed that the presence of a liquid glass melt is necessary to enable the 

precipitation of RuO2 needles and metallic Pd particles. Comparing the formation temperature 

to the texture of the cold-cap (cf. Figure 80), the NMP precipitation starts in the top of the glass 

reaction layer. 

Countermeasures to the RuO2 formation 

In a second stage the effect of two countermeasures proposed by Krause and Luckscheiter9 on 

the formation of RuO2 particles was evaluated. For this purpose a set of three in-situ 

vitrification experiments (ISV) was performed. In a reference experiment (ISV-ox) standard 

vitrification conditions were applied by vitrifying dried HLLW simulate mixed with glass beads 

used also in the previous experiments. Krause and Luckscheiter assume that molybdate 

compounds dissolved in an alkali melt oxidize Ru to its hexavalent oxidation state which then 

decomposes subsequently to RuO2. This process takes place predominantly within the small 
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cavities between the glass beads. Reduction of this reaction space might lead to formation of 

less RuO2 particles. Thus, glass powder of less than 10 µm size was used for vitrification in the 

ISV-powder experiment. An alternative suggestion by Krause and Luckscheiter addresses 

directly the redox process aiming to prevent the oxidation of Ru to RuO3 in the first place. 

Therefore, 1 wt% of metallic Si powder was added to the vitrification mixture of ISV-red. It is 

known from the literature that maintaining reducing vitrification conditions can have a 

beneficial effect on the volatilization behavior of Tc/Re by reducing them to their less volatile 

tetravalent state (cf. Section 6.2.4 and Table 42 in the Appendix). A more homogenous and 

denser waste/glass mixture might also favor the retention of volatile elements. To evaluate 

these effects the dried HLLW simulate contained approximately 0.89 g/L Re. The maximum 

heating temperature was limited by the setup to ca. 1050 °C (cf. Figure 101 in the Appendix). 

From the previous experiments it was known that no significant difference in the NMP 

formation was observed for samples synthesized at 1000 °C and 1200 °C. Therefore, a 

maximum temperature of approximately 1050 °C can be considered as suitable to obtain the 

desired information.  

Combination of the gas formation observation and the CT measurements give complementary 

picture of the vitrification process. In a first step the crystallization water is removed from the 

solid mix at ca. 200 °C. The thermal decomposition of the first nitrate salts is observed at 

approximately 310 °C and accompanied by a compaction of the waste/glass mix. Kawai et al. 

studied the thermal decomposition of dried HLLW simulate with the same composition.273 

According to their study Fe(NO3)3 and Pd(NO3)2 decompose first at around 150 °C followed by 

the decomposition of Zr and Mn nitrate at ca. 200 °C. Some nitrate salts are in a first reaction 

decomposed to mixed oxidic nitrate species, e.g., Zr2O3(NO3). Zr and Mn decompose finally from 

250 °C to 300 °C to its pure oxidic compound together with Ce. The decomposition of the Ln 

nitrates salts is initiated at ca. 400 °C ranging up to 600 °C. Ba and Sr nitrate decompose in a 

range of ca. 550-800 °C. Na nitrate is decomposed at 380 °C to NaNO2 which decomposes at 

temperature well above 600 °C. Kawai et al. showed that in the presence of a borosilicate glass 

NaNO2 decomposes from approximately 400 °C to ca. 700 °C.273 These results can be correlated 

to the two observed stages of NOx gas formation. The first phase at ca. 300 °C is most likely 

caused by the thermal decomposition of the transition metal nitrates which is expected to 

occur from 200 °C to 300 °C followed by a rearrangement and compaction of the solid material 

observed at 370 °C. The second phase at approximately 650 °C is caused by the NOx release 

from Ln salts. This goes along with massive bubbling observed at 740 °C as the glass starts to 

liquefy. From that point chemical reactions and dissolution of the waste components in the 

molten glass are occurring. These processes were observed in all ISV experiments.  
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With one exception the obtained results for the NMP formation probed by SEM do not reveal 

significant differences between the ISV samples in both shape and quantity. The presence of 

larger Pd particles of up to 5 µm size in ISV-red can most likely be attributed to the effect of 

the reducing agent. In agreement with previous experiments Pd precipitates were found in 

vicinity the of RuO2 domains.  

The formation of large spinous RuO2 crystals is most likely due to the slow cooling rate of the 

glass samples as has been already discussed before. The spatial correlation with Pd particles 

indicates that the Pd serves as some kind of seed crystal from which the growing of bulk 

material starts in all spatial directions ending into its spinous structure. 

The RuO2 countermeasures can be best quantified considering the powder XRD results. 

Qualitative evaluation of the diffractograms indicates a positive effect (suppression) on the 

RuO2 formation by both methods. The application of 10 µm sized glass powder decreased the 

RuO2 formation by ca. 40% compared to the reference experiment. From the X-ray CT time 

lapse video no cavities can be identified available for alkali melt reactions while the stacking of 

glass beads (mixed with dried waste simulate) in the other experiments led to mm sized empty 

cavities (cf. Figure 87). The waste and glass mixed material which is compacted even more at 

570 °C does not show any changes before the sudden liquidation of the material. The 

application of the reducing agent minimized the RuO2 formation by ca. 30%. No other apparent 

differences to the reference experiment were observed when adding 1 wt% Si to the 

vitrification feed. This behavior supports the hypothesis of Krause and Luckscheiter who 

investigated the redox behavior also in independent experiments. The broad Pd reflex in the 

reducing glass indicates that Pd is formed in a less ordered crystal lattice. Its larger peak area 

compared to the reference experiment confirms that more XRD detectable metallic Pd is 

formed.  

The increased Pd peak in the sample where glass powder has been used is not expected. The 

formation of Pd from a supersaturated glass melt should not depend on the initial size of the 

glass frit. Possibly Pd particles are formed prior to the melting of the glass frit. Nevertheless, 

the broad peak at approximately 39.4° in the ISV-powder diffractogram might add a 

misleading contribution to the peak area.  

As both countermeasures show a positive effect the use of glass powder in combination with 

addition of a reducing agent can most effectively prevent RuO2 formation. The technical 

implementation of direct feeding of glass powder into a Joule-heated melter such as illustrated 

in Figure 5 is challenging. The feeding mechanism tends to clog due to the moist atmosphere 

arising from the melter’s plenum.274 However, glass frit in a powder form can be pre mixed 
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with HLLW to form a wet slurry which can be transferred with suitable pumps into the 

melter.274 Addition of reducing agent is challenging too. Direct contact with the oxidizing HNO3 

will dissolve the reducing agent removing its reducing power. One solution might be the 

encapsulation of the reducing agent in a material, e.g., a low melting glass which disintegrates 

at temperatures higher than 100 °C. 

During vitrification the main part of Re is volatilized. The samples exhibit Re losses of 65-88%. 

Both RuO2 countermeasures have a positive influence on the Re retention. While the addition 

of 1 wt% Si retains 1.9 times more Re than in the reference experiment the use of 10 µm glass 

powder yields a retention factor of 3.0. As the application of the glass powder should not have 

any influence on the Re volatilization when the glass is already molten its influence has to be 

attributed to the temperature range below 660 °C. The application of the powder degrades the 

amount of cavities and results in a denser waste/glass material. Therefore, possibly less Re is 

volatilized from the dried HLLW simulate in the calcination phase. This early loss of Re might 

also be the reason for the relative low Re retention when applying a reducing agent. If the main 

part of the Re is already lost before a glass melt is established the retention effectiveness of the 

Re reduction is significantly decreased.  

In-situ monitoring of NMP sedimentation 

As a first experiment of its kind the X-ray CT setup proved to be able to identify 200 µm and 

larger agglomerates of NMPs in a liquid glass melt and was able to track their movements. 

Essential for the increase of resolution was the design and the assembly of a high-temperature 

furnace with decreased dimensions allowing a significantly smaller distance from the X-ray 

source to the sample. Due to a missing water cooling the heating temperature of the furnace 

was limited to 1000 °C. From the previous experiments it was known that the nature of the 

samples synthesized at 1000 °C and at 1200 °C are comparable concerning the NMP behavior. 

The higher melt viscosity at lower temperature was even beneficial to the experiment as it 

slowed down the movement of the particles. The processing of the CT images recorded every 

2 min resulted in time lapse videos with smooth particle movements. It needs to be noted that 

the heating mechanism of the experiment differed from the heating in most JHCM. These heat 

the glass pool by applying an electrical current through the melt which is delivered by several 

electrodes which are in contact with the melt. The external heating in the CT furnace causes 

the melt to be heated primarily on the outer silica tube walls. The observed convection 

behavior of the glass melt in the experiments is therefore different to the glass flow observed 

in industrial melters.258 However, this should have only minor influence on the mechanisms 

which are the object of interest. A more important difference is the relation between particle 



 
170 

size, volume of the melt and the crucible surface area. Due to these effects the observed 

behavior might only be partially comparable to the situation in an industrial melter.  

In general, the analysis of the NMPs movement by the X-ray CT technique was challenging due 

to the low quality of the images and the limited duration of the videos. In addition, only NMP 

movement in the cross-section plane was trackable (i.e., vertical and horizontal particle 

movement). Due to the fast movement of the melt relative to the time-consuming high-quality 

measurement, in-situ 3D modelling (cf. Figure 84) of the glass melt was not possible.  

Analysis of movements of high-density regions in the melt is facilitated when replaying the 

videos rather than evaluating the single X-ray images collected as a function of time. While 

smaller NMP agglomerates were dragged by the convection force in ascending and descending 

manner, larger domains tend to reveal a sedimentation behavior. Due to the limited time of the 

recordings their final state could not be determined. An entrapment of the particles by 

obstacles on the crucibles bottom as proposed by Schill et al.258 is less likely from the video 

observations but can also not be excluded.  

It can be noticed that coherence of the agglomerates is rather high. Whereas their shape is 

influenced by the drag forces the collectives remain predominantly intact. It can be assumed 

that the shear forces are not strong enough to disintegrate the felted RuO2 needles. The 

accumulations could be described as immiscible viscous drop dragged by a thin fluid. The 

significantly increased viscosity of NMP containing glass melt supports this picture.9 It is most 

likely that continuous convection in a glass melter favors the merging of smaller drops. Due to 

this association some areas of the glass melt remain entirely free of NMPs.  

The performed experiments and preparations of the NMP observations were aimed to review 

the applicability of the X-ray CT setup with increased spatial resolution for the in-situ analysis 

of NMP movement patterns. Extended experiments with longer observation times are essential 

in order to reliably evaluate the suggested sedimentation routes. A monitoring duration of at 

least 200 min is necessary.  
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7.4. Conclusion 

The formation mechanisms of NMPs in a liquid fed cold-cap is challenging and therefore has 

never been studied in detail. In this dissertation it is aimed to contribute to the understanding 

of their formation by mimicking the cold-cap conditions and performing chemical and 

structural investigations of samples quenched at different temperatures. Precipitates of RuO2 

and Pd particles are detected in the borosilicate glass at 600 °C and 700 °C whereas dissolution 

of the most temperature resistant FP phases (Mo and Ln) is found at 900 °C. In addition to the 

expected formation of small RuO2 particles a Ru rich phase with spinous appearance and 

approximately 10 µm size is found in most of the samples. To the best of our knowledge this 

agglomerate was never described before in the context of PGM vitrification. Most likely the 

formation of these large particles can be attributed to crystallization processes caused by the 

slow cooling of the glass melt. Nevertheless, their presence in the molten glass cannot definitely 

be excluded. As these phases could have a major impact on the NMP sedimentation behavior 

clarification of this question is of great interest and should be studied in further experiments.  

The two applied counter-measures emerge as highly effective for prevention of RuO2 formation. 

The application of 10 µm sized glass powder achieved a decreased RuO2 formation of ca. 40% 

for vitrification at 1050 °C while the application of a reducing agent in form of 1 wt% Si reduced 

the RuO2 formation by 30%. In an industrial vitrification it is usually attempted to remove the 

NMPs by increasing the slope of the melters’ bottom which has only partial success.265 The here 

presented counter-measures are to our knowledge the first chemical approaches significantly 

reducing the formation of the NMPs. The combination of both counter-measures could prove 

as a powerful tool in the commercial vitrification of PGM rich HLLW. In addition, the 

experimental results indicate a potential Tc retention by a factor of approximately 2-3 by the 

same measures. Therefore, the discussed counter-measures should strongly be considered for 

further optimization and application in the vitrification of PGM rich wastes.  

The in-situ X-ray CT setup with improved furnace dimensions enables the successful tracking 

of large NMP agglomerates. Due to a limited machine time the duration of the recordings was 

not sufficiently long to determine the fate of the NMPs. Nevertheless, the obtained results 

indicate a predominantly descending movement for mm sized NMP agglomerates favoring the 

hypothesis of Kelm et al.266 The entrapment of the particles on the crucible walls as proposed 

by Schill et al.258 was not observed but can also not be completely excluded on the basis of the 

obtained data. The developed X-ray CT setup has a high potential to reveal the debated 

sedimentation mechanism of the NMPs.  
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8. Summary and Outlook 

The application of advanced synchrotron based X-ray methods coupled with conventional 

microscopic and spectroscopic techniques proved to be a powerful combination for 

characterization of nuclear waste materials. The here presented studies contribute to the 

understanding of the properties of those waste materials which is necessary to improve 

vitrification processes and predict their fate in storage and repository conditions. The U, Np 

and Pu M4,5 edge high-energy resolution X-ray absorption near edge structure (HR-XANES) 

methods were applied for the first time here for investigations of U and Pu oxidation states in 

genuine and model waste glasses and SNF. The obtained results provide new insights and 

therefore they will stimulate new controversial discussions:  

1) Within this doctoral project for the first time Pu(III), Pu(IV) and Pu(VI) were characterized 

simultaneously present in a borosilicate glass using the Pu M5 edge HR-XANES technique. 

Only Pu(III) and Pu(IV) were identified by the conventional Pu L3 edge XANES method. It 

was illustrated that the Pu M5 edge HR-XANES can be very efficiently used to verify Pu 

oxidation states which determine the solubility limit of Pu in a glass matrix. The analysis 

showed that initially added Pu(VI) was partly preserved during vitrification at 

1200/1400 °C in an Ar atmosphere. Pu(VI) could be very advantageous for vitrification of 

Pu rich wastes since it might reach high solubility limits in the glass melt. Evidences were 

provided that the glass matrix likely accommodates Pu(VI) in a similar manner to U(VI) 

which incorporates in borosilicate glass with up to 40 wt% UO2. HR-XANES results 

demonstrated that the addition of excess Si3N4 is not sufficient for complete reduction of 

Pu to Pu(III) which has a relatively high solubility limit (10-25 wt% PuO2) due to its 

network-modifying behavior in glasses. Measurements of suitable reference compounds 

will allow quantitative oxidation states analyses. 

In the bulk of the investigated genuine nuclear waste glass U was found to incorporate as 

hexavalent species while Pu was present in its tetravalent oxidation state. The glass has 

been sampled from the vitrification process performed in the vitrification plant Karlsruhe. 

Np was identified as a mixture of Np(IV) and Np(V). The Np reduction is possibly the 

consequence of a synchrotron X-ray radiation induced process. The same is true for U 

where a drastic reduction of U(VI) to U(IV) upon irradiation with synchrotron X-rays with 

energies of 3728 eV was observed which was not found for the U doped model glasses. 

This difference must be attributed to charge transfer processes from atoms surrounding 

U and/or X-ray triggered interactions with reactive species and free charges present only 

in the highly radioactive HLW glass. U L3 EXAFS revealed ordered agglomerates where 
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U(VI) surrounded by O atoms is coordinated by Al or more likely Si atoms in the second 

coordination sphere. Those inclusions were found only for the HLW glass but not for the 

model glasses and therefore they might be related to the observed radiation damage 

effects. Si and Al K edge EXAFS and TEM (planned in collaboration with Thierry Wiss, 

JRC-Karlsruhe) studies can help to verify the composition and structure of those ordered 

particles which were not detected by SEM-EDX investigations possibly due to their small 

size (less than 200 nm). The obtained results demonstrate that surrogate glasses are not 

for all studies representative models for HLW glass. 

In analogy to the synchrotron X-ray induced redox processes the reduction of the An might 

as well be initiated on a long-term by the α, β, γ and X-ray internal radiation of the nuclear 

waste glass. The importance of the effect needs to be evaluated since it can have an 

influence on the long-term speciation of An in the glass. SEM-EDX analysis revealed a 

homogeneous glass matrix with expected numerous inclusions of Pd and RuO2 particles 

with spherical and needle-like shapes, respectively.  

Np and Pu L1 edge EXAFS studies of the waste glass recently became available at the CAT-

ACT-Beamline at ANKA commissioned in 2016. Such investigations will verify if Np and Pu 

have similar to U local coordination environment.  

 

2) The benchmark investigation of reference UO2 samples revealed that the U M4 edge 

HR-XANES is a bulk probe in comparison to the surface sensitive XPS technique. In 

agreement with the literature it was shown that UO2 has limitations as a model for 

oxidation processes of SNF. It was demonstrated that studies of footprint reference and 

SNF samples composed of small powder particles yield results being not representative 

for the bulk of irradiated SNF since the large surface to volume ratio of the small particles 

lead to ongoing oxidation of U.  

The investigations of SNF revealed the presence of predominant tetravalent U and Pu 

oxidation states. Variable contributions of U4O9 (U(IV) and U(V)) were found in the bulk 

of the SNF and in the reference samples. These results indicate that limited O2 access in 

dry storage conditions prevents phase transformation of UO2 to U3O8 (U(V) and U(VI)) in 

the irradiated SNF. In general, the transformation of UO2 to U3O8 or UO3 with higher U 

oxidation states is considered critical as phase transformation induces drastic volume 

increase and potentially cracking of zircaloy cladding. 

Analysis of a high burn-up SNF structure showed essentially the same An redox states as 

found for the low burn-up samples. However, at least for Pu there are indications that 

higher oxidation states are present. This is certainly surprising and requires further 

studies. 
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Within this project the procedure for the preparation of the samples was developed and 

the feasibility of the U/Pu M4,5 edge HR-XANES investigations of the highly active SNF and 

a genuine waste glass was demonstrated. On this basis further synchrotron based 

experiments will be performed continuing the cooperation with the JRC-Karlsruhe. The 

recently implemented HR-XANES technique proved to be a powerful tool for bulk 

investigation of challenging materials. In the same time new phenomena not known from 

the respective L3 edge XANES measurements were observed and require further studies 

by systematic approaches for elucidation.  

3) The formation of a Cs and Tc rich highly radioactive residual material in the vitrification 

plant Karlsruhe was simulated and the formed compounds were identified. The relevance 

of the results for potential conditioning of the material were discussed. Several 

conceptually different immobilization approaches were reviewed addressing the 

challenge of the Cs and Tc retention. Different matrices potentially suitable for 

immobilization were screened and compared serving as a fundament for more detailed 

studies currently carried out in the Master Project of Aaron Beck, KIT. The application of 

CsAlTiO4 as host material for the immobilization of the volatile elements achieved a Cs and 

Re retention of 90% and 60% respectively. Due to its predominantly homogenous 

appearance the material is a promising candidate to serve as immobilization matrix. Its 

leaching performance and the optimization of the immobilization process will be further 

investigated. 

Cs3PMo12O40 appears to be a main component of waste originating from precipitation of 

HLLW during storage at the site of the reprocessing plant Karlsruhe. Despite the initial 

compound was decomposed in the melt, vitrification in a borosilicate glass at 1000 °C and 

3.5 wt% waste loading emerges as a favorable immobilization strategy with minimal Cs 

losses of approximately 5%. The formed glass-composite material is likely suitable for 

disposal in a final repository since the formed Ca- and BaMoO4 phases in the glass matrix 

show poor solubility in water.  

 

4) Most HLLW contains considerable amounts of platinum group metals (PGM). They form 

particles with different shapes and size in the micrometer range in glass melts which is a 

major issue in the HLLW vitrification process. By sedimentation these particles can cause 

severe problems such as drain plugging and short circuits. A novel X-ray computer 

tomography setup of the TIT University Tokyo was tested for the possibility to study the 

formation and deposition of the spherical Pd particles and needle-like RuO2. The doctoral 

candidate S. Bahl was granted a KHYS scholarship to work for three months on this project 
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at TIT University in Tokyo, Japan. First results demonstrate the feasibility of the 

arrangement and suggest that PGM particles form in the lower part of the cold-cap. First 

indications for a directed sedimentation mechanism via agglomeration to larger PGM 

collectives was observed. Two tested countermeasures including the use of a reducing 

agent or glass frit powder instead of mm sized glass beads reduce the formation of RuO2 

by 30% or 40% by possibly influencing Ru redox reactions. Both measures had another 

beneficial effect since the loss of volatile Re used as a surrogate for Tc was reduced. Within 

this project initiated cooperation with the working group of Prof. T. Yano will be continued 

in the next years.   
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Appendix 

 
Figure 93 Decrease of radioactivity in Canadian SNF over time. �adapted from NEA/RWM/IGSC�2006�3�27 

 

Table 32 X-ray absorption edges of U and Pu with the detected emission line and the corresponding crystals and 
Bragg angles Θ including the intermediate and final state lifetime broadenings.  

Element 
Absorption 

edge 

Absorption 
energy 
(eV)114 

Transition 
Emission 

line 

Emission 
energy 
(eV)114 

Crystal Θ (°) 
ΓINT 
(eV) 

ΓFIN 
(eV) 

U L3 17166 
3d5/2 → 

2p3/2 
Lα1 13614 Ge(777) 77.39 

8.279 

7.4370 
3.579 

U M4 3728 
4f5/2 → 

3d3/2 
Lβ 3339.8 Si(220) 75.18 3.579 0.3779 

Pu L3 18057 
3d5/2 → 

2p3/2 
Lα1 14282 Si(777) 75.70 8.754 4.154 

Pu M5 3775 
4f7/2 → 

3d5/2 
Mα 3339 Si(220) 75.22 - - 
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Table 33 Isotopic composition of the Pu used for sample preparation.  
Isotope Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Pu-244 

Concentration (at%) 0.025 ±0.001 91.98 ±0.02 7.577 ±0.015 0.305 ±0.003 0.115 ±0.001 Not detectable 

 

 

 

Figure 94 G1-G4 glass samples mounted in a Plexiglass cell and sealed with two Kapton windows 10 + 12.5 µm.  

 

Table 34 The energy positions of the Gaussian and arctangent profile functions used to model the spectral features 
of the G1-G4 and G1*/G4* spectra in order to determine their energy positions. The energy position of the b profile 
function was fixed during the fit. The spectra of the G1 and G4 glasses recorded with high experimental energy 
resolution are marked with asterisk �G1* and G4*�. The fitting of G1 is exemplarily shown in Figure 95 in the 
Appendix. 

Sample/Fitting function a ± 0.1 (eV) b ± 0.1 (eV) c ± 0.1 (eV) d ± 0.1 (eV) e ± 0.1 (eV) 

G1 3773.4  3774.9 3776.1 3777.9 3791.7 

G2 3773.6 3774.9 3775.8 3778.2 3790.1 

G3 3773.2 3774.9 - 3776.1 3789.3 

G4 3773.3 3774.9 - 3777.1 3786.5 

G1* 3773.1 3774.6 3775.7 3777.3 3789.2 

G4* 3773.2 3774.6 - 3776.9 3787.4 
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Figure 95 Pu M5 edge HR-XANES G1 spectrum �black� with its best fit �green�. The fitting functions used to fit 
features a-e are shown in red. The difference between the best fit sum and the experimental spectrum is given below 
the spectrum as residual. 

 

Table 35 EXAFS fit results for Pu glass samples �SP – scattering path, N – coordination number, R – bond distance, 
σ2 - Debye-Waller factor, ΔE0 – energy shift, S02 – amplitude reduction factor and r - goodness of fit parameter.  

Sample SP N R (Å) σ2 (Å2) ΔE0 (eV) s0
2 r 

G1 Pu-O1 5.7 ± 0.3 2.25 ± 0.01 0.011 ± 0.001 -7.2 ± 0.6 0.9 0.001 

G2 Pu-O1 5.7 ± 0.4 2.27 ± 0.01 0.017 ± 0.002 -7.4 ± 0.8 0.9 0.001 

G3 Pu-O1 5.3 ± 0.4 2.34 ± 0.01 0.016 ± 0.001 -5.7 ± 0.7 0.9 0.002 

G4 Pu-O1 5.8 ± 0.5 2.34 ± 0.01 0.016 ± 0.001 -5.7 ± 0.8 0.9 0.002 
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Figure 96 Backtransformed Pu L3 edge FT-EXAFS spectra of G1-G4 in q space. Experimental data are shown with 
colored symbols whereas solid black lines represent best fit results.  

 

Table 36 EXAFS fit results of U doped glass with 5 wt% �N – coordination number, R – bond distance, σ2 - Debye-
Waller factor, ΔE0 – energy shift and r - goodness of fit parameter. 

 backscatterer N R (Å) σ2 (Å2) ΔE0 (eV) r 

U L3-edge 

(2.6-14.0 Å-1) 

Oax 2.0 1.84 0.0058 

0.97 0.0007 
Oeq(1) 5.4 2.29 0.012 

Oeq(2) 3.0 2.62  

- - - - 

 

 

Table 37 EXAFS fit results of VEK glass performed by Dardenne et al. �N – coordination number, R – bond distance, 
σ2 - Debye-Waller factor, ΔE0 – energy shift and r - goodness of fit parameter. 

 backscatterer N R (Å) σ2 (Å2) ΔE0 (eV) r 

U L3-edge 

(2.6-10.0 Å-1) 

S02=0.78 

Oax 2.0 1.80 0.0009 

5.19 0.0051 
Oeq(1) 5.0 2.27 0.0075 

Oeq(2) 1.2 2.82 0.0009 

Si/Al 2.6 3.97 0.0008 
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Figure 97 Empty sample holder used for An M4,5 HR-XANES investigation �left�. The inlay �right� can be exchanged 
for different designs.  

 

 

Table 38 Fitting results of U2 XPS spectrum. 
Position 

(eV) 
Pos_rel 

(ev) 
FWHM 

(eV) 
Intensity %Gauss Area %Area 

Oxidation 
state 

U(IV) 
(%) 

U(V) 
(%) 

U(VI) 
(%) 

379.78 0 1.50 17059 98 27453 19.86 U(IV) 19.86   

380.91 1.13 1.50 17589 74 31530 22.81 U(V)  22.81  

382.44 2.66 2.02 2600 73 6301 4.56 U(VI)   4.56 

386.13 6.35 2.81 1889 15 7924 5.73 U(IV) 5.73   

388.73 8.95 2.81 1496 38 5793 4.19 U(V)  4.19  

390.58 10.80 1.50 11282 70 20590 14.89 U(IV) 14.89   

391.71 11.93 1.50 12876 68 23648 17.10 U(V)  17.1  

393.24 13.46 2.02 1696 38 4726 3.42 U(VI)   3.42 

396.93 17.15 2.81 1608 50 5943 4.30 U(IV) 4.3   

399.53 19.75 2.81 1360 85 4345 3.14 U(V)  3.14  

       Total 44.78 47.24 7.98 
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Figure 98 U M4 edge HR-XANES spectra of S1 at different sample positions. The maximum of the U�IV� and U�VI� 
reference main peaks are indicated by vertical dashed lines.  

 

 

Table 39 Absorption feature �Feature�, height �Height�, position �Position�, half width at half maximum �HWHM� 
and area �Area� parameters of the Gaussian functions used to model the U M4 edge HR-XANES spectra and the 
arctangent function used to model the edge jump. aFor the arctangent function the width of the function is given 
instead of the HWHM 

Spectrum Feature Height ± 0.01 Position ± 0.1 (eV) HWHM ± 0.1 (eV) Area 

S3 A 5.07 3724.97 0.99 5.34 

UO2 A 6.08 3724.95 0.92 5.97 

S3 B 4.43 3726.12 2.37 11.16 

UO2 B 4.60 3726.05 2.39 11.67 

S3 C 0.71 3728.33 2.30 1.73 

UO2 C 0.65 3728.33 2.27 1.58 

S3 D 0.61 3730.53 8.96 5.81 

UO2 D 0.62 3730.39 8.95 5.92 

S3 E 0.72 3745.82 10.77 8.23 

UO2 E 0.78 3746.23 11.09 9.19 

S3 F 0.20 3760.86 5.86 1.26 

UO2 F 0.29 3759.92 7.08 2.21 

S3 arctan 1 3752.49 4.74a - 

UO2 arctan 1 3753.09 4.75a - 
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Table 40 Calculated Pu inventory of commercial SNF performed by E. Gonzalez-Robles. 
 mass (g/tHM) mass (wt%) 

Pu-238 300 2.9 

Pu-239 5700 54.8 

Pu-240 2900 27.9 

Pu-241 560 5.4 

Pu-242 950 9.1 

Total 10410 100 

 

Table 41 ICP-MS analysis results from liquid sampling of VEK rinsing solution �cf. also Table 13�. The remaining 
solid compounds from drying of the solution were calculated according to their solubility limits �cf. Table 42 in the 
Appendix�.  

ICP-MS analysis Calculated data 

Element g/l mmol/l Solid compound mmol/l Species in glass g/l wt% 

Tc ± 0.7% 4.24 43.3 
CsTcO4 26.7 Cs+TcO4- 7.86 46.22 

Cs ± max. 5% 3.54 26.7 

Na ± 3.54% 1.26 55.0 
NaTcO4 16.6 Na+TcO4- 3.07 18.05 

NaNO3 38.4 Na2O 1.18 6.96 

Fe ± 1.88% 1.67 29.9 Fe(NO3)3 29.9 Fe2O3 2.39 14.04 

La ± 0.38% 1.22 8.8 La(NO3)3 8.8 La2O3 1.43 8.41 

Cr ± 2.24% 0.33 6.4 Cr(NO3)3 6.4 Cr2O3 0.48 2.84 

Ni ± 6.74% 0.24 4.1 Ni(NO3)2 4.1 NiO 0.30 1.78 

Ba ± 9.87% 0.13 0.9 Ba(NO3)2 0.9 BaO 0.15 0.85 

Mn ± 1.66% 0.09 1.6 Mn(NO3)2 1.6 MnO2 0.14 0.82 

Total      17 100 

 

Table 42 Physical properties of selected compounds.  
Constituent Melting point (°C) Boiling point (°C) Solubility (mol/l) 

Tc2O7 120275 311275  

CsTcO4 595276 Dissociation 0.014277 

NaTcO4 378276 Dissociation 1.48278 

Re2O7 300275 360275 - 

CsReO4 620279 (Dissociation) 0.02280 

NaReO4 420279 (Dissociation) 3.66280 

ReO2 1000270 - - 
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Table 43 Overview about the volume, the sampling dates and the temperature of the solution within the drying 
process. 

Time Tsolution Volume (L) Time Tsolution Volume (L) 

06/08/2014 12/08/2014 

15:20 30.0 °C 4.85 11:10 49.5 °C 0.83 

16:13 1.0 mL sample 1 12:10 49.5 °C 0.82 
16:17 35.0 °C 4.85 14:10 49.5 °C 0.79 

17:30 40.0 °C 4.85 15:10 49.0 °C 0.79 

07/08/2014 16:10 49.5 °C 0.77 
9:13 49.0 °C 4.23 16:20 1.0 mL sample 7 

11:12 47.5 °C 4.19 17:10 49.0 °C 0.74 
14:10 46.5 °C 4.14 13/08/2014 

16:36 1.0 mL sample 2 9:10 47.0 °C 0.59 
17:25 47.5 °C 4.09 9:40 1.0 mL sample 8 

08/08/2014 10:10 47.0 °C 0.57 

9:20 49.0 °C 3.40 11:10 47.5 °C 0.57 

11:16 49.0 °C 3.33 12:10 47.5 °C 0.54 

12:45 49.0 °C 3.29 13:10 48.0 °C 0.52 
13:42 49.5 °C 3.28 14:27 48.0 °C 0.52 

14:47 49.5 °C 3.25 15:10 47.5 °C 0.49 

15:47 49.0 °C 3.20 16:10 48.0 °C 0.49 

16:25 1.0 mL sample 3 16:15 1.0 mL sample 9 
16:47 48.5 °C 3.19 17:10 48.0 °C 0.48 
17:22 48.0 °C 3.16 14/08/2014 

11/08/2014 9:10 46.0 °C 0.34 

9:10 52.5 °C 1.23 9:20 1.0 mL sample 10 

9:17 1.0 mL sample 4 10:10 51.0 °C 0.32 
10:55 47.0 °C 1.20 11:10 51.0 °C 0.31 

12:30 46.0 °C 1.17 12:10 50.0 °C 0.29 
first crystals 13:10 49.5 °C 0.26 

13:40 46.5 °C 1.12 14:20 49.0 °C 0.25 
14:50 47.0 °C 1.11 15:20 49.5 °C 0.23 
15:45 47.0 °C 1.11 16:20 48.0 °C 0.22 

16:25 1.0 mL sample 5 17:20 48.0 °C 0.20 
16:30 47.5 °C 1.11 15/08/2014 

17:10 47.5 °C 1.09 solution dried 
12/08/2014 9:15 50.0 °C - 

9:10 49.0 °C 0.86 16:50 46.0 °C - 

9:20 1.0 mL sample 6    
10:10 49.5 °C 0.85    
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Table 44 Results of liquid sampling S1–S10 by ICP-OES/AAS analysis. The results are given in g/L. 
sample S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Ba 0.14 0.17 0.22 0.28 0.19 0.11 0.08 0.07 0.09 0.10 

Cr 0.33 0.42 0.52 1.49 1.64 2.11 2.49 3.55 4.18 8.34 

Fe 1.67 1.94 2.44 7.36 8.05 10.37 11.31 17.68 20.23 37.71 

La 1.25 1.53 1.92 5.62 6.13 7.99 8.99 12.86 15.64 7.84 

Mn 0.09 0.11 0.14 0.39 0.43 0.55 0.64 0.91 1.07 1.94 

Na 1.27 1.58 1.91 5.71 6.13 7.90 8.99 13.16 15.83 15.41 

Ni 0.26 0.32 0.40 1.09 1.20 1.55 1.79 2.41 2.74 5.20 

Re 7.84 9.61 1.22 3.47 3.77 49.57 56.14 80.18 93.69 146.30 

Cs 
3.49 

±0.78% 
4.24 

±2.68% 
5.57 

±0.6% 
15.29 

±1.89% 
16.50 

±2.33% 
23.06 

±3.99% 
27.00 

±0.93% 
36.91 
±1.9% 

43.34 
±3.56% 

57.70 
±0.73% 

 

Table 45 Amounts used to synthesize the Ba rich and reference glass frit. 
Compound Ba rich frit (g) Reference frit (g) 

SiO2 32.80 20.49 
B2O3 20.82 5.60 

BaCO3 25.42 2.07 

Na2CO3 18.36 3.42 

Al(OH)3 2.60 2.58 

Li2CO3 - 2.48 

CaCO3 - 5.48 

MgO - 2.00 

Sb2O5 - 0.23 

V2O5 - 0.69 

Total 100 45.04 

 

 
Figure 99 Pictures of glass fragments from all synthesized waste glass samples.  
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Table 46 Size distribution of used glass beads.  
Size of glass 
beads (mm) 

Ratio 
(%) 

> 2.8 0.1 
> 2.0 50 
> 1.0 50 
< 1.0 0.1 

 

 
Figure 100 HLLW simulate solution with sedimented solid particles �left� and after slurrying �right�.  

 

 
Figure 101 Temperature profiles of set temperature, temperature of sample zone and sample temperature. 

 

 
Figure 102 Dried HLLW simulate covering glass beads in an Al2O3 crucible �left�, hot glass melt in a second Al2O3 
crucible without cap �right�.  
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Figure 103 Photographs of polished glass specimens of sample a� B600, b� B800, c� B900, d� B1000 and e� B1200. 

 

 

Figure 104 Exhaust gas formation observation of ISV-powder. 
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Figure 105 CT observations of ISV-powder. 

 

 

Figure 106 Exhaust gas formation observation of ISV-red. 
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Figure 107 CT observations of ISV-red. 

 

 
Figure 108 Pd particle with increased size of ca. 5 µm found in the ISV-red sample. 
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