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Die Neugier steht immer an erster Stelle des Problems, das gel6st werden will.
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Abstract

During the peaceful use of nuclear energy high level wastes, which contain long-lived radionu-
clides (plutonium, minor actinides) with high radiotoxicity, are generated worldwide. About
10,000 t of spent fuel are unloaded from commercial reactors each year. Most countries in-
cluding Germany favour the direct disposal of spent fuel in deep geological formations. Other
countries prefer the reprocessing of the spent fuel to recycle uranium and plutonium. In Europe
commercial reprocessing is currently performed in La Hague and Sellafield. A future alternative
would be provided by closing the fuel cycle in the context of the partitioning and transmutation
strategy (P&T). This method separates and converts the long-lived radionuclides into stable or
short-lived nuclides via neutron induced reactions in dedicated facilities. The P&T strategy has
potential to significantly reduce the radiotoxicity and the volume of the radioactive waste; how-
ever it cannot obviate the need of a final repository. The transmutation of minor actinides can
be performed in different reactor types, including accelerator driven systems, which consist of
a subcritical reactor core and an external accelerator. The accelerator driven system (ADS)
fuel consists of the fissile material (AnO2) which is spread in an inert matrix to improve the
thermal properties of the fuel. Within this work two different fuels containing actinide oxides as
fissile material and ceramic magnesium oxide (CerCer) or metallic molybdenum (CerMet) as
matrix material are under investigation. The dissolution and separation issues for inert matrix
fuels (IMF) have not yet been investigated coherently. It is of crucial importance to take into
account the behaviour of the matrix elements in the dissolution and separation processes and
to check their compatibility with future waste management requirements. The dissolution and
the subsequent hydro or pyrometallurgical treatment of the fuel are crucial steps in the repro-
cessing process.

A complete dissolution of the actinide oxide and the matrix material, or a selective dissolution,
where one of the components remains undissolved, can be considered. To investigate the
reprocessability of molybdenum and magnesia based inert matrix fuels reference samples
containing variable amounts of CeO,, which serves as surrogate for plutonium dioxide, have
been prepared based on a comprehensive compactibility and sinterability investigation. The
pellets were thoroughly characterized by means of density measurements, micro hardness
measurements, scanning electron microscopy (SEM) investigation, and X-ray diffraction
(XRD). The dissolution rate was studied in macroscopic experiments as a function of acid con-
centration and temperature.

Magnesium oxide is soluble even under mild conditions. The dissolution rates of MgO at dif-
ferent acid concentrations are rather similar, whereas the dissolution rate is strongly dependent
on the temperature. Additionally, the MgO dissolution process was investigated following a
microscopic approach. Detailed SEM investigations show a heterogeneous reactivity of the
MgO pellet's surface. A model was developed to describe the evolution of the pellet surface
area and a surface normalized dissolution rate was calculated. The activation energies of MgO
dissolution in nitric acid have been calculated from the Arrhenius plot for different acid concen-
trations and indicate a surface controlled dissolution mechanism. During the dissolution of
MgO/CeO:; pellets the MgO dissolves completely, while the bulk of CeO2 remains undissolved,
allowing a separation of the actinides and the matrix during the dissolution process.



The dissolution of molybdenum is more complex due to its specific aqueous redox chemistry
(Mo(-1l) = Mo(VI)). Molybdenum metal is soluble in nitric acid. However, it is oxidized to MoOs3,
which then precipitates. The dissolution rate strongly depends on the acid concentration.
Higher acid concentrations or temperatures result in faster dissolution but also in more
precipitation. The addition of ferric nitrate to the acid improves the dissolution properties and
prevents precipitations at low acid concentrations. However, the addition of a great amount of
Fe®* to the solution might influence the extraction process. To get closer to the real system,
unirradiated PuO2/Mo pellets were dissolved in collaboration with NRG and the Karlsruher In-
stitut fiir Technologie, Institut fir Nukleare Entsorgung. The presence of Fe(lll) increases the
solubility of Mo as described above, while the solubility of the actinides is decreased. In 1 and
3 mol/L HNOs without the addition of iron about 2 and 3% of the plutonium dissolved respec-
tively, while less than 0.1% of the Pu dissolved in the presence of iron.

Dissolution in nitric acid is the first step in the head end of the reprocessing of spent fuel.
Therefore, detailed knowledge of the speciation of molybdenum in nitric acid medium is crucial
on the one hand to understand this dissolution process and on the other hand as a basis for
the design of a tailored extraction process. The solution species of Mo in strongly acidic media
have been characterized and quantified comprehensively. For this purpose electrospray ioni-
zation mass spectrometry (ESI-MS), which can probe the stoichiometry and relative abun-
dances of solution species, was applied in collaboration with the Leibniz Universitat Hannover,
Institut fir Radiodkologie und Strahlenschutz. The method delivers unique insights into the
solution speciation of molybdenum as a function of acid- and Fe(lll)-concentration. The solu-
tion species Mo forms in the presence of iron were investigated in order to understand the
effect of Fe(lll) on the dissolution. The ESI-MS reveals the formation of mixed Mo-Fe species
which explains the increased solubility. Moreover, a method to analyse solutions of molyb-
denum with natural isotopic composition with a commercially available ESI/MS/MS instrument
(QTrap) was developed in collaboration with the Forschungszentrum Jilich, Zentralinstitut fur
Engineering, Elektronik und Analytik 3. The commercial instrument permits routine measure-
ments due to significantly reduced measurement times.

As an alternative to the very complex dissolution of Mo based IMF the separation of the matrix
material from the fuel by thermal treatment was considered. This exploits that molybdenum is
oxidized in air at temperatures from 400 °C and the resulting MoO3 sublimes at 800 °C. It is
expected that the volatile components of the fuel are not deposited together with the molyb-
denum and the remaining components of the fuel do not evaporate at these temperatures.
Molybdenum was quantitatively evaporated and recovered as MoQs, confirmed by XRD. In the
case of thermal treatment of Mo/CeO- mixtures a solid state reaction of MoO3 and CeO; occurs
at 674 °C. Depending on the temperature and Mo-Ce ratio CeMosOs, CesMo012049, and
CezMo401+s5 form. In the case of thermal treatment of Mo/PuO2 mixtures at equivalent conditions
a mixed oxide PuMo2Os is expected to form, which will affect the evaporation in a way similar
to the MoO3 and CeO: solid state reaction. However, the bulk of the Mo should be evaporated
and the mixed oxide PuMo20sg can be easily dissolved in nitric acid. The thermal treatment of
the fuel is a promising method for the separation of the bulk molybdenum to simplify the dis-
solution and minimize the effect on the liquid-liquid extraction.



Kurzzusammenfassung

Bei der friedlichen Nutzung der Kernenergie fallen weltweit hochradioaktive Abfélle an, die
langlebige Radionuklide (Plutonium, Minore Actinide) mit hoher Radiotoxizitét enthalten. Uber
10.000 t abgebrannter Brennelemente werden jahrlich aus kommerziellen Reaktoren entla-
den. Die meisten Lander, darunter Deutschland, bevorzugen die direkte Endlagerung abge-
brannter Brennelemente in tiefen geologischen Formationen. Andere Lander bevorzugen die
Wiederaufbereitung des verbrauchten Brennstoffs, um Uran und Plutonium zu recyceln. Eine
zukunftige Alternative ware die SchlieBung des Brennstoffkreislaufs im Rahmen der Partition-
ing- und Transmutationsstrategie (P&T). Diese Methode trennt und wandelt die langlebigen
Radionuklide Uber neutroneninduzierte Reaktionen in entsprechenden Einrichtungen in
stabile, kurzlebige Nuklide um. Die P&T-Strategie hat Potenzial, die Radiotoxizitdt und das
Volumen der radioaktiven Abfélle zu verringern; kann aber nicht die Notwendigkeit des Endla-
gers erubrigen. Die Umwandlung von Minoren Actiniden kann in verschiedenen Reaktortypen,
einschlielllich beschleunigergetriebenen Systemen, die aus einem unterkritischen Reaktor-
kern und einem externen Beschleuniger bestehen, durchgefiihrt werden. Der Brennstoff fir
beschleunigergetriebene Systeme besteht aus dem spaltbaren Material (AnO>), das in einer
inerten Matrix verteilt wird, um die thermischen Eigenschaften des Brennstoffs zu verbessern.
Im Rahmen dieser Arbeit werden zwei verschiedene Brennstoffe, die Actinidenoxide als spalt-
bares Material und keramisches Magnesiumoxid (CerCer) oder metallisches Molybdan (Cer-
Met) als Matrixmaterial enthalten, untersucht. Die Auflésung und Trennung von Inertmat-
rixorennstoffen (IMF) wurde bisher nicht umfassend untersucht. Es ist von entscheidender Be-
deutung, das Verhalten der Matrixelemente bei der Auflésung und Abtrennung und ihre Kom-
patibilitat mit zukunftigen Immobilisierungsmethoden zu beriicksichtigen. Die Auflésung und
die anschlieRende hydro- oder pyrometallurgische Behandlung des Brennstoffs sind entschei-
dende Schritte des Wiederaufbereitungsprozesses.

Eine vollstandige Auflésung der Actinidenoxide und des Matrixmaterials oder eine selektive
Aufldésung eines Bestandteils kdnnen in Betracht gezogen werden. Um die Reprozessierbar-
keit von Mo- und MgO-basierten IMF zu untersuchen, wurden Referenzproben, die unter-
schiedliche Mengen von CeO: enthalten, das als Surrogat fiir PuO: dient, auf der Grundlage
einer umfassenden Verdichtbarkeits- und Sinterfahigkeitsstudie hergestellt. Die Pellets wur-
den mit Hilfe von Dichtemessungen, Mikrohartemessungen, REM-Untersuchung und XRD um-
fassend charakterisiert. Die Aufldsungsgeschwindigkeit wurde in makroskopischen Experi-
menten als Funktion der Sdurekonzentration und der Temperatur untersucht. Magnesiumoxid
ist bereits unter milden Bedingungen I6slich. Die Auflésungsraten von MgO bei verschiedenen
Saurekonzentrationen sind relativ dhnlich, wahrend sie stark von der Temperatur abhangen.
Zusatzlich wurde der Aufldsungsprozess mit einem mikroskopischen Ansatz untersucht. De-
taillierte REM-Untersuchungen zeigen eine heterogene Reaktion der Pelletoberflache, zu de-
ren Beschreibung ein Modell entwickelt wurde. Die mittels Arrhenius-Plot berechnete Aktivie-
rungsenergie der Auflésung von MgO in Salpetersaure weist auf eine oberflachenkontrollierte
Aufldsung hin. Wahrend der Auflésung von MgO/CeO- Pellets I6st sich MgO vollsténdig, in-
dessen bleibt der Grofiteil des CeO; (> 99%) ungeldst; sodass eine Trennung der Actiniden
und der Matrix wahrend der Auflésung erreicht wird. Die Auflésung von Mo ist aufgrund seiner



spezifischen wassrigen Redoxchemie (Mo -Il - + VI) komplexer. Molybdanmetall ist in HNOs
I6slich, wird jedoch zu MoO3 oxidiert, welches dann ausfallt. Die Auflésungsgeschwindigkeit
ist stark abhangig von der Saurekonzentration und der Temperatur. Deren Erhéhung fihrt
nicht nur zu einer schnelleren Auflésung, sondern auch zu vermehrter Niederschlagsbildung.
Die Zugabe von Eisen(lll)-Nitrat zu der Saure verbessert die Aufldsungseigenschaften und
verhindert die Niederschlagsbildung, kann allerdings den Extraktionsprozess beeinflussen.
Um eine weitere Annaherung an das reale System zu erreichen, wurden in Zusammenarbeit
mit NRG und dem Karlsruher Institut fir Technologie, Institut fir Nukleare Entsorgung Auflo-
sungsversuche an unbestrahlten Mo/PuO: Pellets durchgefiihrt. Die Anwesenheit von Eisen
erhoht die Loslichkeit von Molybdan, wahrend die Loslichkeit der Actiniden verringert wird. In
1 bzw. 3 mol/L HNO3 ohne die Zugabe von Eisen I6sen sich etwa 2 bzw. 3% des Plutoniums,
wahrend sich in Gegenwart von Fe weniger als 0.1% des Pu l6sen.

Die Auflésung in Salpetersaure ist der erste Schritt in der Wiederaufarbeitung abgebrannter
Brennelemente. Daher ist eine detaillierte Kenntnis der Speziation von Mo in HNO3 entschei-
dend, auf der einen Seite um die Aufldsung zu verstehen und andererseits als Basis flr den
Entwurf eines malgeschneiderten Extraktionsverfahrens. Die Molybdanspezies in stark sau-
ren Medien wurden umfassend charakterisiert und quantifiziert. Hierzu diente die Elektro-
sprayionisations-Massenspektrometrie (ESI-MS), welche die Stochiometrie und die relativen
Haufigkeiten der Spezies in L6sung ermitteln kann, in Zusammenarbeit mit der Leibniz Univer-
sitat Hannover, Institut fir Radiodkologie und Strahlenschutz. Das Verfahren lieferte einzigar-
tige Einblicke in die Speziation von Mo in Lésung als Funktion der Saure- und Fe(lll)-Konzent-
ration. Die in Gegenwart von Eisen gebildeten Mo-Spezies wurden untersucht, um die Wirkung
von Fe(lll) auf den Prozess zu verstehen. Die ESI-MS offenbart die Bildung von gemischten
Mo-Fe Spezies, was die erhdhte Loslichkeit erklart. Aufierdem wurde in Zusammenarbeit mit
dem Forschungszentrum Jllich, Zentralinstitut fir Engineering, Elektronik und Analytik 3 ein
Verfahren entwickelt, um L6sungen von Mo mit naturlicher Isotopenzusammensetzung mit ei-
nem handelsublichen Instrument (QTrap) analysieren zu kénnen.

Als Alternative zu der sehr komplexen Aufldsung der Mo-basierten IMF wurde die Méglichkeit
der Abtrennung des Molybdans durch thermische Behandlung betrachtet. Dabei wird ausge-
nutzt, dass Mo an Luft bei Temperaturen ab 400 °C oxidiert wird und das erhaltene MoO3 bei
800 °C sublimiert. Es wird erwartet, dass die fliichtigen Bestandteile des Brennstoffes sich
nicht zusammen mit dem Mo abscheiden und die tbrigen Komponenten der Brennelemente
nicht bei diesen Temperaturen verdampfen. Molybdan wurde quantitativ verdampft und als
blassgelbe Kristalle zuriickgewonnen, die mittels XRD als MoOs identifiziert wurden. Im Fall
der thermischen Behandlung von Mo/CeQO,-Gemischen erfolgt bei 674 °C eine Festkdrperre-
aktion zwischen MoOs3 und CeO;. In Abhangigkeit von der Temperatur und dem Mo-Ce-Ver-
haltnis bilden sich CeMos0s, CesM012049 und Ce2Mo4O15. Fiir Mo/PuO2-Mischungen wird bei
aquivalenten Bedingungen die Bildung eines ein Mischoxids PuMo.Os erwartet, welche die
Verdampfung in ahnlicher Weise beeinflussen wird. Der GrofR3teil des Mo sollte dennoch ver-
dampften, und PuMo.Og kann leicht in Salpetersdure aufgeldst werden. Die thermische Be-
handlung ist eine vielversprechende Methode zur Abtrennung des Molybdans, um dessen Ein-
fluss auf die Flissig-Fllssig-Extraktion zu minimieren.
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1 Introduction and Background

1.1 The Role of Nuclear Energy

The increasing economic growth of the developing countries in the last decades has led to a
rapid increase in world energy consumption. A trend which is expected to further increase in
the near future.['! With 12.7 billion tons of oil equivalent the world energy consumption was
almost twice as high in 2010 as at the beginning of the seventies, according to the International
Energy Agency (IEA)2. The industrialized countries (OECD) currently account for 45% of
global energy consumption, the newly industrialized countries for 9%, and the developing and
emerging countries account for 46%.%! The most important source of energy is oil (32%) prior
to coal (27%) and gas (22%). Renewable energies cover almost 13% of global energy con-
sumption. Nuclear energy has a share of almost 6%. In 2050 the world will consume 44.6
billion tons of oil equivalents. About two-thirds of the increase will come from developing coun-
tries where the economic and population growth is the highest. In OECD countries, however,
stagnating energy consumption and the observable trend that more and more is set to natural
gas and renewable energy. Fossil fuels will continue to dominate in the power supply and cover
about 75% of the projected increase in primary energy consumption. The share of nuclear
power (7%) rises slightly, while that of hydropower remains almost constant. Other renewable
energy sources such as geothermal, solar and wind energy grow faster than all other energy
sources. Nevertheless, they will cover only about 25% of the world’s electricity generation in
2040.1" Concerns about environmental protection have additionally extended the demand for
more efficient management and environmentally sound and sustainable development of nu-
clear energy. Appropriate management of radioactive waste arising at the back end of the fuel
cycle is regarded as a crucial issue of long term environmental burden with respect to the
nuclear fuel cycle.® In 2014 there were 435 reactors operating in 30 countries with a total
generating capacity of 2359 terawatt-hours (TW-h). A further 72 units were under construc-
tion.®! Whether the harmful components of this waste can be isolated from the biosphere for
at least tens of thousands of years or even longer is the basis of environmental concerns. The
reduction of waste volume and radiotoxicity is expected to be obtained with the development
of Generation IV nuclear systems, which would allow closing the fuel cycle.”! The solution of
the nuclear waste problem plays an important role in the future of nuclear energy. This is es-
pecially true for the high level radioactive waste (HLW).
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1.2 The Nuclear Fuel Cycle

The nuclear fuel cycle is a series of industrial processes, which involve the production of elec-
tricity from uranium in nuclear power reactors. It consists of front-end activities (mining, con-
version, enrichment, and fabrication) and back-end activities of the nuclear waste manage-
ment, as shown in Figure 1.

The nuclear fuel cycle starts with the mining of uranium ore. The uranium ore content is in-
creased from a few tenth of percent (in the ore) to 85-95% (in a semi-refined concentrate
known as “yellowcake”), while eliminating other elements that are present (the “tailings”), in
mills, which are located near the mines. While very high grade pitchblende deposits can be
concentrated by physical techniques involving their specific gravity, most concentration of ura-
nium involves chemical leaching from the ore. For this purpose, the ore is crushed and roasted
(to destroy organic material), chemically leached, followed by a separation of the liquids and
solids, and finally concentrated/purified for final product recovery. The normal choice for chem-
ical leaching is sulfuric acid; for ores with high carbonate content, an alkaline leach with sodium
carbonate is used to prevent high acid consumption. Since only U(VI) is dissolved, any U(IV)
present must be oxidized prior to leaching. After leaching a purification/concentration is per-
formed by ion exchange or solvent extraction. The refined uranium is converted to uranium
hexafluoride for enrichment from 0.7 to 3.3% 235U by gaseous diffusion or gas centrifuges prior
to fuel fabrication. The UFs is then converted to UO2 by precipitation with ammonium hydroxide,
calcination in air to produce U3Og and reduction with hydrogen. The UO; powder is pressed
into pellets, which are sintered, ground to size, and loaded into zircalloy tubing. The tubes are
helium filled and then sealed and assembled into fuel bundles.®!
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Figure 1:  Schematic representation of the nuclear fuel cycle (MA = minor actinides, LLFP = long lived
fission products, SLFP = short lived fission products).[’]
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More than 80% of the existing commercial power reactors are light water reactors (LWR). The
reactor core is made up of several hundred uranium dioxide fuel assemblies. A typical core of
a reactor with an output of 1000 MWe contains about 75 t of low-enrichment uranium. Period-
ically a portion of the fuel is removed from the reactor core and replaced with fresh fuel to
maintain the efficient performance. The average lifetime of fuel in the reactor is three years
with one third being removed each year. During the lifetime of fuel elements in the reactor the
percentage of fissile 23U decreases, and short and long lived fission products and considera-
ble quantities of bred plutonium (1 wt.%) and minor actinides (MA = Np, Am, Cm, 0.1 wt.%)
are generated by neutron capture (compare Figure 2).[! Plutonium and minor actinides are of
particular concern with respect to long term radio toxicity, heat load issues and proliferation
risks. It is estimated that in the year 2006 about 110 tons of minor actinides were contained in
the spent fuel storages worldwide and 40 tons were contained in high level waste products
from reprocessing. This amount will double by the year 2020 as demonstrated in Figure 3.1
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After the discharge the fuel elements are stored initially in an interim storage facility where the
heat load and the radioactivity decrease. For the management of the used fuel two options can
be distinguished: intermediate storage until final repository (open cycle) and reprocessing for
further usage (closed cycle). In the framework of the closed fuel cycle approach two comple-
mentary strategies can be discussed: the partitioning and conditioning (P&C) and the partition-
ing and transmutation (P&T) strategies.

In the partitioning and conditioning strategy the separated radionuclides are embedded into a
suitable matrix and disposed in a deep geological repository. This strategy does not lead to a
reduced radiotoxicity of the waste, but the immobilization of the radionuclides in the host matrix
increases the safety of the final disposal.l'” Glasses and ceramics are suitable structures for
the conditioning of radionuclides. Due to their chemical durability, their tolerance to radiation,
and their natural analogues that show stability, ceramic matrices are regarded to be advanta-
geous for this purpose.l'"!

The reduction of the radiotoxicity of the final waste is the aim of the P&T strategy. The influence
of the different recycling strategies on the requisite storage time is depicted in Figure 4. It is
clearly shown that in the overall context the actinides determine the hazard potential of the
irradiated fuel from the beginning and the reference level is not reached within the first 100000
years due to the long half-lives. The fission products, however, contribute only in the first hun-
dred years and due to decay of particularly *’Cs and %°Sr the hazard potential is reduced by
five orders of magnitude within 1,000 years. Among the actinides, plutonium con-tributes most
to the hazard potential, followed by americium. The contributions of curium, uranium and nep-
tunium are less important. In summary it can be said that primarily the actinides and only sec-
ondarily the few long-lived fission products (for example, '?°I, **Tc) are decisive for the long-
term radiotoxicity. In modern reprocessing plants the separation rates for uranium and pluto-
nium are approximately 99.9%. It is apparent that with the concept of reprocessing the refer-
ence level of the fresh UO; fuel is undercut after several 10,000 years. The hazard potential
after reprocessing decreases by two orders of magnitude as compared to direct disposal, but
a geological confinement of the remaining waste is still required. The concept of an advanced
fuel cycle (AFC) including P&T has the aim of placing only small amounts of radiotoxic inven-
tory from the fuel cycle in a repository so that the reference level is reached within a technically
manageable period of about 1,000 years. This objective is achieved by an additional separa-
tion of minor actinides and their subsequent destruction by transmutation. After the separation
of long term radiotoxic elements (e.g. Pu, MA) they are embedded into a stable matrix to form
the transmutation target which is then irradiated in a dedicated reactor to convert the long-lived
elements into short lived or stable nuclides. Many studies have shown that if all plutonium is
recycled and fissioned, the radiotoxic inventory can be reduced by a factor of 10. If the minor
actinides are recycled, in addition, reduction factors higher than 100 can be obtained.['? One
can clearly see that the long-term toxicity of the residual waste is reduced considerably and
the reference level is reached after 1000 years. However, this implies the almost complete
separation and transmutation of transuranic elements. Partitioning and transmutation are es-
sentially "back end processes", whose aim is to improve the options for the disposal of nuclear
waste. Because plutonium and minor actinides are also responsible for the medium- and long-
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term heat transfer into the repository, the P&T method allows to significantly reduce the foot-
print of a final repository after a decay time of about 100 years.®! However, short and long-
lived fission products must still be disposed of in deep geological formations.[' The P&T strat-
egy not only reduces the necessary effort for the final repository construction, but also in-
creases efficiency of the resource exploitation.!4!
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1.3 Hydrometallurgical Separation of Actinides
Hydrometallurgical processes using solvent extraction technology are the industry standard for
used commercial reactor fuel reprocessing with the PUREX (Plutonium Uranium Reduction
Extraction) process as the basis for all current commercial scale reprocessing plants.['? 1518l
The PUREX process is based on the initial dissolution of fuel into nitric acid and the consecu-
tive separation. The fuel is dissolved in hot concentrated HNOs. A solution of 30% tri-n-butyl-
phosphate (TBP) in kerosene type diluent is used initially to separate U and Pu from the vast
maijority of the fission products.[®!
The first step is to prepare the irradiated fuel for dissolution by mechanically chopping it into
small pieces (~ 1 — 5 cm). This opening of the cladding causes the release of ~ 10% of the Kr
and Xe fission products as well as some *H and volatile fission products. These off-gases are
combined with those from the dissolution step. The fuel pieces are dissolved in near boiling
8 mol/L HNOs. This step, which takes a few hours, dissolves the uranium, plutonium, and fis-
sion products, leaving the cladding to be recovered. The chemical reactions for the dissolution
of uranium involve processes like
3UO, + 8HNO3 — 3UO3(NO,), + 2NO + 4H,0 1)
and UO, + 4HNO3 — UO5(NO,), + 2NO, + 2H,0 2
The plutonium is oxidized to Pu(IV) and Pu(VI), while the neptunium ends up in the pentavalent
or hexavalent state. Small amounts of plutonium and fission products may not dissolve, and
can be leached with acid solutions containing the oxidant Ce**. A solution of TBP in a hydro-
carbon with low vapour pressure, such as n-dodecane, is used to selectively extract the hexa-
valent UO2(NOs)2 and the tetravalent Pu(NOs)s from the other actinides and fission products in
the aqueous phase. The overall reactions are
UO3" (aq) + 2NO3(aq) + 2TBP(org) — UO,(NO,),-2TBP(org) ®)
or Pu4+(aq) + 4NO3(aq) + 2TBP(org) — Pu(NO3)4-2TBP(org) (4)
In a second step, the U and Pu loaded TBP solution is treated with a dilute nitric acid solution
of a reducing agent, such as ferrous sulfamate or U(IV), which reduces the plutonium to a
trivalent state but leaves the uranium in a hexavalent state. Plutonium will then transfer to the
aqueous phase, leaving uranium in the organic phase. The uranium is stripped from the or-
ganic phase with 0.01 mol/L HNOs. It is purified by a series of solvent extraction cycles until
the Pu/U ratio is <108 and the total B/y activity is less than twice that of aged natural uranium.
Am and Cm are not extracted and Np is partially extracted. Because of the high radiation levels,
there are radiolysis problems with TBP, leading to solvent degradation. Primary products of
the radiolysis of TBP are the dibutyl- and monobutylphosphoric acids along with phosphoric
acid. These degradation products are removed in the solvent purification steps.© 17-181

In order to achieve a significant reduction in long-term radio-toxicity of the high active waste,
Am and Cm must also be separated from the PUREX raffinate, which is currently vitrified for
subsequent disposal in deep geological repositories, for the fabrication of transmutation dedi-
cated targets. That turns out to be difficult, because lanthanides make up about one third of
the fission products. Therefore, depending on the burn-up the mass ratio of Ln/An is greater
than 20. In addition, the lanthanides have the same oxidation state (+lIl), and the chemical
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behaviour is very similar to that of trivalent actinides. Some lanthanides have very large neu-
tron capture cross sections and therefore act as neutron poisons during transmutation. The
processes that have been developed over the past 20 years, are mainly based on the co-
extraction of trivalent actinides and lanthanides and their subsequent separation.” '3 The sep-
aration of An(lll) + Ln(lll) from PUREX raffinate in a process called DIAMEX (Diamide Extrac-
tion) was proposed in the 1980s.!'¥ Compared to the formerly used phosphorus based extract-
ants modern solvents aspire to contain only carbon, hydrogen, oxygen and nitrogen (CHON
principle), which prevails complete combustion without the generation of salts, thereby mini-
mising secondary waste generation.l'? N,N’-dimethyl-N,N’-dioctylhexylethoxymalon-amide
(DMDOHEMA) has become the reference molecule for DIAMEX process??%2" enhancing the
extractive properties towards trivalent elements and reducing degradation compounds formed
by acidic hydrolysis and radiolysis.?? Recently, a new process for recovery of trivalent actinides
from PUREX type raffinate utilizing N,N,N’,N-tetraoctyldiglycolamide (TODGA) was developed
(SANEX).[2*21 The chemical structures of these ligands, which are used for the extraction ex-
periments within this work, are depicted in Figure 5. In a first step a very efficient extraction of
An(lll) and Ln(lll) from acidic medium is performed, followed by their stripping using diluted
nitric acid. 2!

Special attention of international research is the development of proliferation-resistant pro-
cesses that do not allow isolation of fissile material (plutonium) and thus nuclear weapons-
grade material in pure form. The COEX™ method represents an innovative concept that could
replace the proven PUREX process in the near future.®” The GANEX (group actinide extrac-
tion process) simultaneously removes all the actinides from the dissolved spent fuel. This al-
lows for the separation of the actinides from the lanthanides, fission and corrosion/activation
products in a single process, and offers process-options to avoid separation of weapon-grade
plutonium.31-321
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Figure 5:  Structures of DMDOHEMA, TBP, and TODGA, which are used for the extraction experi-
ments within this work.
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1.4 Transmutation

Transmutation refers to the transformation of long-lived radionuclides (e.g. MA) into nonradio-
active elements or elements with a much shorter half-life under a neutron flux. These pro-
cesses may be achieved by:

e Fission-reactions: the nucleus is transformed into fission products (FP), which are
largely short-lived (< 50 years)

2395, 4+ n - BMo + “'Ba 5)

¢ Neutron-capture reactions: the nucleus is transformed into another radionuclide, which
does not necessarily allow significant reduction of the long- or medium-term radiotoxi-
city

29, 4 o 240p, ©6)
Thus, the fission reaction is needed for efficient transmutation of MA. When one moves from
the neutron spectrum of a pressurized water reactor (PWR) (thermal or epithermal) to that of
a fast reactor (FR) the probability of capture (o.) rather than fission (o) is reduced by a factor
of 5 for most radionuclides. So a FR is more suitable for this purpose than a PWR, but of
course the safety question is an issue. Actinide transmutation in high temperature reactors
(HTR) has been studied for many years and is currently reconsidered with focus on the use of
TRISO coated particle fuels. In a thermal spectrum of e.g. a light water reactor (LWR) minor
actinide transmutation reactions only consume neutrons. However, homogeneous recycling of
MA in the MOX is an option considering that it is only worth transmuting minor actinides if
plutonium is also recycled. In a pressurized water reactor (PWR) heterogeneous recycling can
be performed in various ways depending on the arrangement of the target pins. The fast neu-
tron spectrum from a fast reactor allows fissioning MA, thereby significantly reducing the MA
production thermal reactors. However, the minor actinide content is restricted by safety rea-
sons. Homogeneous recycling, where the MAs are introduced in to the standard (MOX, nitride,
metallic or carbide) fuel, and heterogeneous recycling, where MA targets are placed either in
the core or in the first layer of the blanket, is possible.®®! The higher content of minor actinides,
results in a higher transmutation capacity. Many countries like Germany, Belgium, and recently
Japan decided to stop their Nuclear Power plants in future. So the chance that they will build
new reactors for transmutation is very unlikely. Another option to produce a fast neutron spec-
trum similar to that of a fast reactor, but subcritical, so inherently safe, is to use an accelerator
driven system (ADS) which is described in the following section.[3*39
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1.5 Accelerator Driven System

An ADS consists of a sub-critical reactor-core with an accelerator driven spallation neutron
source and may be more suitable and efficient for MA transmutation than critical FR with re-
spect to safety and transmutation capacity.* 3¢ 40 However, the multirecycling of the ADS-MA
fuel is needed in order to achieve the high transmutation level, as in the case of MA transmu-
tation in FR. In the framework of the EUROTRANS project®! two ADS concepts were under
development: XT-ADS (experimental facility demonstrating the technical feasibility of transmu-
tation in ADS) cooled by PbBi with power between 50 and 100 MW(th) and EFIT (European
facility for Industrial transmutation) with power ~400 MW(th) cooled by Pb.® 37411 |n transmu-
tation-dedicated reactors, MAs are the fuel as they fundamentally contribute to core reactivity.
A large target of molten heavy metal (e.g., Pb) is bombarded with a beam of protons (energy:
1-1.6 GeV, beam current: 5 - 20 mA), providing intense source of neutrons. About 30 MeV of
proton energy are required to produce a free neutron (as a result of a sequence of spallation
reactions). Hence, a proton beam of 1 GeV and 10 mA will produce a total number of about
2:10%° n/s (corresponding to a neutron flux of about 610" cm™s™' at a distance of 50 cm).®?
These neutrons fed into a fissioning system may be used (1) for (n,y)-reactions with the pur-
pose to breed new fissioning nuclei or to transform long-lived radioactive isotopes into shorter-
lived ones; (2) to operate the reactor in a subcritical state; (3) to selectively destroy undesired
nuclides like some isotopes of plutonium or other transuranium elements, that have a potential
for weapons and are ecologically problematic.*? The target is surrounded by a blanket, which
contains actinides to be burned in the high neutron flux and fission products to be converted
into less long-lived products by neutron capture. Outside the inner region a subcritical assem-
bly of fissile material produces the thermal energy required to drive the turbines. The operation
of the core in a subcritical state increases the safety of the reactor. About 10% of the electricity
produced from the reactor is sufficient to operate the accelerator. The long term radiotoxic
inventory of geological repositories may be reduced by a factor of 200 by multi-recycling of
americium and curium in addition to plutonium. 42-431

However, because the loaded transuranium elements cannot be completely burned in one
reactor cycle, transmutation fuels must be reprocessed by a further step and the recovered
actinides are used for the production of new transmutation fuels. For a limited period, i.e. sev-
eral years, nuclear fuels containing transuranium elements can be irradiated in a transmutation
facility. During this time, only a portion of the transuranic elements is transmuted into other
isotopes, whereby energy is generated by nuclear fission. As only about ten to twenty percent
of total transmutation fuel can be converted in a transmutation facility for physical reasons in a
single irradiation cycle, the irradiated transmutation fuel is treated again so that the uncon-
verted plutonium and minor actinides can be recovered. They are then used to produce new
transmutation fuel and then once again fed into the P&T cycle. The non-transmuted transuranic
elements from the transmutation fuel are extracted, and then mixed with the transuranium el-
ements extracted from spent LWR fuel and irradiated again. A conversion of twenty percent is
desired for the future, with the result that the number of cycles is reduced. This recycling must
be carried out several times, with the number of recycling steps being very much dependent
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on the respective transmutation system and the scenario. The treatment of irradiated transmu-
tation fuel for the recovery of plutonium and minor actinides is a chemical process which is
similar to partitioning of irradiated LWR fuel. For reasons of stability and thermomechanics
fuels for transmutation cannot be made exclusively from transuranium elements.“4

The ADS fuel cycle is capable of recycling a high content of minor actinides. Due to the sub-
criticality of the core and the influence of the external neutron source accelerator driven sys-
tems exhibit a significantly increased neutron-physical stability. This feature provides the abil-
ity to use non-fertile fuel and thus enables very high rates of transmutation. ¥4 However, multi
recycling cycles are needed. Additionally these transmutation dedicated fuels are not easily
compatible with existing recycling processes and the development of specialized processes or
at least the alteration of existing processes is therefore necessary. The inert matrix material
should not give rise to new radioactive waste that must be safely disposed of as low or medium
active waste and therefore needs to be separated.?4
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1.6 Inert Matrix Fuels

The ADS fuel is a very innovative concept with respect to the fuel of a critical core and a
promising candidate for minor actinide transmutation within the concept of heterogeneous re-
cycling. The fuel has to contain a high concentration of actinides (of 45 - 70%). It is nonfertile,
that is to say free of uranium, so as to increase the transmutation performance by preventing
the production of higher actinides through neutron capture of the uranium. The design of ADS
fuels involves dilution of actinide compounds in an inert matrix to form either a composite (mul-
tiphase compound) or a solid solution (one-phase compound). The actinide compounds are
spread in an inert matrix to better control their power and thermics while avoiding higher acti-
nide production.®%!

It is very challenging to choose the matrix as it must comply with restrictive specifications:
» good thermal properties (high melting point, high thermal conductivity, and expansion
property close to that of the actinide compounds);
* low activation under neutron flux;
» resistance to irradiation (low swelling, structural and dimensional stability, isotropic be-
haviour, preservation of original properties, etc.);
+ Integration by a simple and robust manufacturing process.!
On the basis of these criteria materials were preselected and are listed in Table 1. The inven-
tory of high potential matrices was narrowed down to a few matrices of which the most studied
were oxide composites, among others: MgO and Mo (enriched in isotope %?Mo)®#6-47], Both ma-
terials are highlighted in green in the table. Their suitability is discussed below.

Table 1: Selection of inert matrices for composite transmutation fuels and targets. %]
Compatibility with
| Crystal Thermal Neutron .
Inert matrices . L AnO, Cladding Coolant
structure properties activation
Zry  Steel Na H.0
st-ZrO, + + +(solid solution)  + + + +
MgO + + -(eutectic) ? + -
Al,O3 -(hexagonal) + + -(eutectic) + + +
Y203 + + +(solid solution) ~ ? +
Oxides CeO..x + + +(solid solution) + +
MgALL,O4* + + -(eutectic) + + + +
Y3Als012  -(monoclinic) + + + + + +
CePO, -(monoclinic) + + ? ? +
ZrSiO4 -(tetragonal)  -(decomposition) + + ? ? +
SiC -(hex/cubic) + + - + +
"B,C -(rhomb.)  -(vapour pressure) + + +
BN -(hex/cubic) -(vapour pressure)  -('*C) + +
i SizN, -(hexagonal) -(vapour pressure)  -("*C) + + +
Carbides, -
L TiN + + -("C) ; 2 " 0
nitrides i
YN + + -(**C) ? ?  -(hygroscopic)
ZrN + + -(**C) - - + +
CeN + + -(**C) ? ?
AIN -(hexagonal) -(vapour pressure)  -(**C) -(?) + +
Cr + + + -(eutectic) + + +  ~(Hzissue)
\Y + + + -(eutectic) + + +  -(Hzissue)
w + + + + + + + -(H. issue)
Metal _
Mo + T ~(%Mo) + + + +  -(Hyissue)
Nb + + -(**Nb) +  -(Hyissue)
Steel + + -(eutectic) + + +  -(Hzissue)




12 Introduction and Background

The fabrication of the ADS fuel should result in desirable thermal and mechanical properties
of the fuel. The production process itself needs to be simple and robust, with losses no larger
than the expected reprocessing losses (0.1%) and should be feasible in a wet route to prevent
dust formation. The VIPAC or SPHEREPAC technologies should allow a significant reduction
of the number of fabrication, control and maintenance steps and therefore reduce the radiation
exposure time and fabrication cost./“®! Carbides are considered as unsuitable for MA transmu-
tation due to the volatility of americium carbide.®8 Americium in metallic form may be fabricated
by arc-casting, which is however at present not adaptable to mass-flows of industrial scale.*%!
Americium nitrides are more stable than carbides, however large americium losses are to be
expected during sintering above 1600 °C.5%%" Alternative production routes currently do not
provide acceptable densities.*®! The most stable Am compound is americium oxide, which
therefore enables fabrication with less concern of volatility. The density of composite oxide
fuels decreases with increasing matrix fraction. The use of an inert matrix to improve the ther-
mal properties is needed due to the poor thermal conductivity of actinide oxides.*3! Co-precip-
itation of oxalates allows the fabrication of (Pu,Am)O. with MA contents of up to 80%, but does
not yet allow the fabrication of granules sufficiently dense to be directly vibropacked. Other
coprecipitation routes should be considered. The infiltration of Am and Cm into a porous me-
dium could provide an alternative.® The stability of AmO,x-MgO depends on the oxygen po-
tential. An eutectic melting of AmO1s-MgO is expected to occur at 2300 K.3 52 Molybdenum
and tungsten based oxide CerMet are expected to provide the best high temperature stability.
The cost for Mo enrichment may be high.*®!

The solubility rate of TRU oxides in nitric acid is lower than that of nitrides, especially for higher
plutonium fractions. Zirconia is insoluble in nitric acid. Losses of actinides during industrial
scale reprocessing of industrial fuel have to be no larger than those achieved for Pu in estab-
lished processes (i.e. processing of spent LWR fuel at La Hague, < 0.1%) to achieve a factor
of 100 reduction of the radiotoxic inventory. Pyro chemical processes have not been able to
provide loss rates below 1% except under laboratory conditions. The metallic fuel option is not
readily compatible to aqueous processes due to the necessary use of sodium bonding to keep
the fuel temperature below the melting point.“®! An additional sodium cleaning step would be
needed. Actinide nitrides can be easily dissolved in nitric acid.®¥! Zirconium- and thorium oxide
are insoluble in nitric acid without the help of aggressive catalysts like hydrofluoric acid, which
is not acceptable in the process of existing industrial facilities. MgO and Mo are expected to
be compatible with dissolution in nitric acid.[*3

The most important objective for developing and deploying ADS is its potential for high minor
actinide burning rates. Therefore matrix materials which absorb neutrons are disadvanta-
geous. This is especially true for composite fuels, which should contain at least 50 vol.% of
matrix. The 50% matrix criterion is difficult to fulfil using a tungsten matrix, but may be achiev-
able with MgO. Molybdenum is on the limit, ®2Mo has a smaller absorption cross section com-
pared to natural Mo.3 An initial plutonium fraction of 40% is compatible with a minimum matrix
fraction of 50% for the MgO based composite fuel. The absorption cross section of %Mo is
slightly larger than that of MgO, and the Pu/MA ratio has to be raised to about 1/1 to obtain the
same reactivity.!
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A special property of fuels dedicated to transmutation is the high production rate of helium,
which is of the same magnitude as the fission gas production. Helium bubble formation would
accelerate fuel swelling, if retained in the fuel, and increases pin pressure if released, but may
also alleviate the degradation of gap conductance caused by fission gas release. Experimental
data indicate higher helium release rates in ceramic fuels than for xenon®4,

An additional complication in composite fuels is the reduction of matrix thermal conductivity
due to radiation damage, which can be quite substantial for MgO®®.. In the case of molybdenum
even a large relative degradation of thermal conductivity would retain sufficiently large heat
conduction for the matrix to provide excellent heat removal. The burnup of nitride fuel is limited
by pellet clad mechanical interaction in the case of helium bonded fuel pins, while liquid metal
bonded pins may operate without failure up to the irradiation damage limit of the clad.®®

The overall assessment of the matrices resulted in a higher ranking for the molybdenum based
CerMet fuel, as compared to the magnesium oxide based CerCer fuel. In particular, the safety
case looked better for the CerMet. Therefore, the composite CerMet fuel (Pu,Am)02.«-*2Mo is
recommended as primary candidate within the EUROTRANS project. The composite CerCer
fuel (Pu,Am)O2x-MgO is recommended as a backup solution. The major advantages of this
fuel are a higher transmutation rate and lower cost of fabrication.*?! Both options are under
investigation within the ASGARD project.’”]

1.6.1 Potential Problems during Reprocessing of IMF

Due to the necessity of multi recycling to achieve appropriate transmutation levels, a recycling
of the transmutation targets is inevitable. For this purpose, methods of separating the matrix
from the fission products to be vitrified and stored in a final repository need to be developed.
This separation is necessary because otherwise the volume of the heat-generating waste
would rise to multiples. The central challenge is to minimize actinide losses. Based on experi-
ence from the commercial reprocessing the main losses in the case of a hydrometallurgical
separating are not likely to originate from the actual separation process, but in the head-end
(i.e. the fuel crushing and dissolution). This plays a major role, in particular for fuels with high
plutonium content, due to the poor solubility of plutonium oxide. The hydrometallurgical pro-
cessing of fuels with high burnup and short cooling time leads to a higher radiolytic stress of
the extracting agent used. This requires a further improvement of the extraction agents with
regard to their radiolytic stability or the use of pyrometallurgical methods.!'? 39 44

The presence of large amounts of matrix material poses additional challenges with respect to
the various reprocessing steps of the transmutation target (Figure 6).581 A major difficulty will
be to optimize the dissolution process of the used fuel after ADS operation. The well-known
hydrometallurgical PUREX process is used today for the industrial reprocessing of used fuel
and serves as a reference!®. The PUREX process utilizes HNO; for the dissolution step. A
complete dissolution of the inert matrix and the actinide oxide, or a selective dissolution, where
the actinides remain undissolved, can be considered. Mo as an inert matrix poses additional
challenges with respect to its redox-chemistry. There is a need to avoid coprecipitation with
Pu, thus leading to Pu losses. Iron(lll) nitrate is known to significantly increase the solubility of
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uranyl molybdate in nitric acid.[®®" The specific chemistry of the actinide oxides and the matrix
materials will be discussed in the following sections.

However, the target contains a significant amount of inert matrix which will interfere and disturb
the recycling of Pu and MA using innovative hydrometallurgical processes, such as
DIAMEX/SANEX concepts?-?% %81 To prevent Mo extraction, oxalic acid was identified as the
best complexing agent in former partitioning processes!®. Too much oxalic acid in solution
induces precipitation of fission products (including Zr and Mo as main elements), lanthanides,
and actinides elements. Magnesium is not known as being involved in precipitation during FP
concentration, before vitrification. During FP concentration, Mo precipitates, possibly trapping
actinides. If Mo is not separated before, dilution of the high active raffinate is the only solution
to avoid too much concentration of Mo in this flux leading to a lot of precipitates. However, this
process option reduces the throughput of vitrification process downstream, increasing the
amount of water and acid to be evaporated during calcination and vitrification. Since enriched
92Mo is used to limit the build-up of **Tc and because of its favourable neutronic parametersi*’!
it is necessary to recover the Mo, which is a challenging task. Although the separation of Mg
should be considered, it is not known for generating troubles during the vitrification process,
but MgO content is limited to a low part (1 to 7.5 wt.%) of matrix glass composition to prevent
the degradation of the lixiviation resistance of the matrix. The selected fuel and inert matrix
should not give rise to new waste that must be isolated from the biosphere.

Therefore, multiple recycling of plutonium and minor actinides is a key step of the P&T concept.
It is necessary, since the actinides can be burned only partially - to around ten per cent - in an
ADS or fast reactor (FR). The irradiated transmutation fuel must then be reprocessed again;
separated plutonium and minor actinides must be irradiated again in the form of fresh trans-
mutation fuel. ¥4

| irradiated IMF |
v .
selective
| Dissolution |—P| Matrix elements |7

complete

N

Partiionng of 4" i Refabrication of
An(lll-VI) Conversion |—->

targets
v

| FP concentration |—P| Conditioning |

Figure 6:  Schematic flow sheet for the hydrometallurgical reprocessing of used IMF targets.
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1.7 Dissolution

Dissolution is the first step in reprocessing of spent nuclear fuels and will therefore be a major
aspect of this work. The chemical dissolution reaction, the surface changes of the solute, and
the mechanism of dissolution are the key factors in studying the dissolution behaviour of a
solute.

Usually, the dissolution rate is normalized to the surface area of the solute. Therefore, the
changes of the surface are important to calculate the dissolution rate of a solid in a certain
solvent.53l Changes in surface area depend on the solute and the dissolution conditions (e.g.
temperature or pH). The dissolution rate R is defined as change of dissolved solute concen-
tration dc per time normalized to the surface area A and is given by equation (7)%4:
_ dc
R= dA (7)
The definition of the dissolution rate R by Brantley et al. %9 considers the rate constant k, the
surface area A, the difference in Gibbs free energy between the solid and the dissolved mole-
cules AG, and the surface area A:
R=Ak-f(AG) (8)
The solution pH and temperature also play a significant role in the determination of the overall
dissolution rate, this is considered by Lasagal®®. Furthermore, it is pointed out that the rate
changes with deviation from the equilibrium. Equation (9) represents a general form of the rate
law which considers the rate constant ko, the reactive surface area Amin, the activation energy
E., the activity of protons in solution a':ﬂ*", the ionic strength g(I), the sum of the activity of
other species in solution 77, - a?", and the variation of the rate with deviation from equilibrium
f(AG/)®e!:
R= kO-Amin-e%-a:;i*"-g(|)-ni-ai"i-f(AGr) (9)
Since all these approaches consider the surface area of the solid in their dissolution rate cal-
culations, a definition of the term surface area is necessary. Three types of surface area are
described in the literature: 1) the geometric surface area, 2) the total or BET surface area and
3) the reactive surface areal®. The geometric surface area can be described by a simple model
because it is typically calculated from the dimensions of the solid. To calculate the surface of
a solid it is a necessity to assume that the solid has a defined geometry. The topography of
the solid surface is not considered here. Therefore, the calculated value is smaller than the
total surface area.®® To mitigate this problem a surface roughness factor can be included in
the calculations to obtain the so-called total surfacel®”.. The surface roughness A describes the
correlation between the geometric surface area Ageo and the total surface area Arora®®:
Atotal
Ageo (10)
Gas adsorption can be utilized to measure the total surface areal®® based on the Brunauer—

A=

Emmett-Teller (BET) theory®. Highly rough surfaces, containing e.g. step and kink sides,
have a higher probability of reaction than a surface that is completely smooth this is incorpo-
rated in the reactive surface area, which assesses that parts of the solid surface are more
reactive than others!6® 58],
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These approaches of an overall dissolution rate calculations discussed previously are raised
to question by Liittge et al.!®® and Fischer et al.l’%. The overall dissolution rate poorly describes
the dissolution as demonstrated by Fischer et al. through comparing dissolution rates of single
crystals to their equivalent polycrystallines?. Therefore, the calculation of rate spectra to eval-
uate the frequency of their occurrence on the surface is proposed, because the current disso-
lution rate of a certain site is dependent on its particular energy and the surface energy is
heterogeneously distributed.3 7%

The dissolution mechanism can be either controlled by transport or by surface reaction de-
pending on the rate determining step. If transport of dissolved ions away from the bulk solution
and the transport of protons to the bulk solution is slow the dissolution is transport controlled.
In surface controlled dissolutions the surface dissolution reaction is the rate determining step.
Therefore, the dissolution of solids which are highly soluble is more likely to be transport con-
trolled. The agitation velocity dependence of the dissolution rate provides information on the
dissolution mechanism. In the case of surface controlled dissolution the rate is independent on
the agitation.®® The formation of etch pits on a mineral surface indicates that the dissolution
occurs far from equilibrium which denotes that the dissolution is surface controlled®!. In
transport controlled dissolution the mineral becomes rounded, because the dissolution occurs
at near-equilibrium conditions within the boundary layer and consequently just the high-energy
surface sites are dissolved.®® The activation energy of a dissolution reaction, which is given
by the Arrhenius equation (11), can also be used to differentiate between transport and surface
control.

k=AeEa/RT (11)

Were A is the pre-exponential factor, E, is the activation energy, k is the rate constant, R is the
gas constant and T is the temperature (in Kelvin). The activation energy can be determined by
plotting the dissolution rate as a function of 1/T. The determined activation energy, which cor-
relates to the slope of the curve, then gives information about the dissolution mechanism." In
case of a transport controlled dissolution the activation energy is equal to the activation energy
of diffusionl’™, a value of below 20 kJ/mol should be expected in aqueous media. Activation
energies significantly higher indicate a surface-controlled dissolution.[’"
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1.8 Background Chemistry

1.8.1 Nitric Acid
Nitric acid (HNO3) is a strong acid with pKs = -1.44.

HNO; + H,0 = H30" + NO3 (12)

It can be used as an oxidizing agent in an aqueous solution under standard conditions to all
materials whose oxidation potential is less than +0.96 V (compare Figure 7) according to

NO3 +4H" + 3e” = NO + 2H,0. (13)
The oxidizing power is particularly strong in concentrated nitric acid. Refractory metals (such
as aluminium, chromium, and iron) is not attacked by nitric acid. This phenomenon (pas-
sivation) is due to the formation of an extremely thin but dense and adherent oxide film which
shelters the subjacent metal from further attack by the oxidizing acid. The appearance of the
passivation phenomenon provides the possibility to work with concentrated nitric acid in ves-
sels of iron or aluminium.”3

+0.959 44 +2 #1559  +#1 #1707 309 -T/3 056  +1.41 2 +1.275
[[Fo-803 N2O4 +1.07] [ +0996 NO 071 | N.O || HN, || NHz
-3
5 +0.94 +3 +0.86 +1 265 %0 1.87 - +135 Ty
NO; HNO, H2N,0, 2 NH;OH* 4
| +1.25 | +1.45 | +0.278 |

Figure 7:  Standard reduction potentials (V) for nitric acid and other nitrogen species at pH = 0.[73]

Appreciable concentrations of nitrous acid (HNO-) and lower concentrations of nitrogen oxides
(NO, NO2, N20O3, and N204) are present in nitric acid. As nitrogen oxides have an appreciable
vapour pressurel™74 (equation (14)-(26)), the concentrations of nitrous acid and nitrogen ox-
ides in solution depend upon the solution conditions.

Solution phase equilibria

2NO = N,0, (14)

2NO, = N,Oy (15)

NO + NO, = N,O3 (16)

NO + NO, + H,0 = 2HNO, (17)

N,O3 + H,0 = 2HNO, (18)

2NO, + H,0 2 HNO, + H + NO3 (19)

N,Oy4 + H,O = HNO, + H™ + NOj (20)

NO + O, = NO;3 (21)

NO3 + NO = N,O4 (22)
Solution-gas phase equilibria

NO(q = NO() (23)

NO; () = NO3 (4 (24)

N203 (aq) = N203 () (25)

N204 () = N2O4 (g) (26)
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The dissolution mechanism and kinetics of metals in nitric acid have been studied by dif-
ferent authors using batch and flow dissolution experiments and electrochemical tech-
niques.">83 Metals dissolve in nitric acid according to an autocatalytic mechanism involving
the formation of nitrous acid. The undissociated HNO3 but not the dissociated NO3s-H3zO* acts
oxidizing to metals.® The first step in metal dissolution by nitric acid is an adsorption desorp-
tion step.[7> 7982
M + HNO3 = M:HNO; + 2H" — M?* + HNO, + H,0 (27)
The first adsorption-desorption step (27) is considered to be rate determining for the dissolution
of copper™; a slow induction period followed by a more rapid dissolution was observed. This
adsorption-desorption step is eliminated by stirring. The higher the speed of stirring and the
lower the acid concentration, the longer the period during which no interaction takes place
between the metal and HNOs. The adsorption-desorption of the intermediate HNO, on the
metal surface is much faster than that of HNOs. Therefore the addition of small amounts of
NOz or its generation during the dissolution causes the metal dissolution to start. The first step
(27) plays an important role in the initial formation of HNO- by reduction of the absorbed HNO3
on the metal surface. At the time of a measurable decrease in HNO3 concentration relatively
faster step starts to be predominant. This step involves the reduction of HNO, to NO on the
metal surface:l"
HNO, + M + H" — M* + NO + H,0 (28)
HNO, + M* + H" — M* + NO + H,0 (29)
The gases formed during dissolution of metals in nitric acid, mainly nitrogen oxides NO and
NO, are poorly dissolved in hot nitric acid and the formation of bubbles at the reaction interface
is observed under the microscope.® NO formed in reactions (28) and (29) reacts rapidly with
HNO3 forming HNO,. This reaction takes place at the metal surface as well as in the bulk
solution.["®
2NO + HNO3 + H,O — 3HNO: (30)
Zinc dissolves in nitric acid follows the same mechanism. However, in the case of zinc the first
adsorption-desorption step (27) is fast. This is due to the difference in the electrochemical
potential of zinc (-0.763 V) and copper (0.337 V), after which the zinc metal should be chemi-
cally more active than the copper metal.’®? The dissolution of cobalt in dilute nitric acid solution
also proceeds according to an autocatalytic mechanism which involves the formation of nitrous
acid as an intermediate step. However, a passivation process takes place on the cobalt surface
as a result of the formation of an oxide film on the metal surface in concentrated nitric acid
solutions, further complicating the dissolution kinetics.®

1.8.2 Magnesium Oxide

Magnesium oxide (MgO) is generally obtained by annealing readily decomposable magnesium
compounds, such as the hydroxide, nitrate, oxalate, and carbonate. The physical and chemical
properties depend to a large extent on the fabrication route, namely the starting material and
the annealing temperature and time. The size of MgO crystallites at alike conditions depends
on the starting material. The observed decrease in reactivity with increasing annealing tem-
perature and annealing time is due to the increase of the crystal size. Magnesium oxide crys-
tallizes in the form of colourless crystals of sodium chloride structure.’®
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Table 2: Properties of MgO.[85-86]

Property Value

Molar mass 40.31 g/mol

Melting point 2642 °C

Density (20 °C) 3.58 g/icm?®

lonic radius Mg?* 0.86 A, 0% 1.266 A
Crystal structure NaCl

Space group Fm3 m

Lattice parameter a 4211 A

If MgO is exposed to air, different amounts of magnesium hydroxide and carbonate are formed
depending on the temperature and moisture. Water is initially only absorbed and only gradually
forms the hydroxide; as long as it is only absorbed the water can be withdrawn by energetic
acting desiccants.®4

At high temperatures MgO is recognized to be stable against neutron irradiation. The dimen-
sional changes in macro dispersed MgO + UO2 composite samples of about 90% theoretical
density irradiated to high burnup (thus subjected to the combined effects of neutron and fission
product impact) at a temperature of 700 - 1000 K are limited (0.9 + 1.0 AV/V (%)).8 MgO has
a very high melting point of 3100 K, a total vapour pressure of 100 Pa at 2000 K, and its thermal
conductivity of 13 W/m-K at 1273 K is relatively low, but suitable for the application.!®3 8! How-
ever the formation of hydroxides with water makes fuel based on MgO alone not attractive for
water-cooled reactors. Since MgO does not react with liquid sodium, it is favourable for use in
sodium-cooled reactors. (88!

1.8.2.1 Dissolution of Magnesium Oxide

The dissolution of MgO has been investigated by various authors®-%3, including determination
of dissolution rates, morphology evaluation and chemical reaction. MgO powder was used in
the majority of these studies.

According to Segall et al.®® the important factors for the determination of the dissolution kinet-
ics of MgO are atomic surface detail, surface morphology, and bond strength for the solid and
diffusion, pH, and electrolyte concentration for the solution. At low pH (2-5) MgO (periclase)
dissolves in HNO; by first forming a brucite-like (Mg(OH).) hydrous oxide layer on the sur-
face.l 92 The formation of a brucite or brucite-like layer on the periclase surface during disso-
lution explains why the dissolution rates of brucite and periclase are identical in the acidic pH
region.®? A two-step protonation of periclase is introduced by Wogelius et al.®? and Fedo-
rockova et al.l® In a first fast step, surface oxygen is protonated whereby a brucite-like layer
is formed followed by a second protonation, which is rate determining.4

Mg=0 + H* — Mg?* + OH" (31)
Mg-OH* + H* — Mg?* + H,0 (32)
Mg=0 + 2H* — Mg?" + H.0O (33)

Suarez et al.®® observed different surface developments at the different crystal surfaces of
MgO crystals dissolved in hydrochloric acid by atomic force microscopy studies. The (110)



20 Introduction and Background

plane shows circular and square shaped etch pits, the (110) plane evolves ridges and the (111)
plane triangular etch pits. The (100) plane is postulated to be the most stable.!®¥ Investigations
of the dissolution of perfect MgO crystals by Segall et al.®® show that surface changes due to
roughening result in rate changes. Step formation at the surface resulting from dissolution
moving across the surface has been observed additionally to the development of pits and
channels. According to Segall et al.® protons attack preferentially at kink sites. The surface
increases during dissolution because of surface roughening and particle size decrease. Suarez
et al.!® postulate that the dissolution mechanism of MgO is a surface controlled because the
dissolution was independent on the flow rate at which the experiments were carried out. They
propose that the surface hydroxylation is fast and the detachment of the dissolution products
is the rate determining step. According to Segall et al.® the dissolution of MgO below a pH of
5 is surface controlled. Vermilyea et al.®®l, Wogelius et al.l®?, Segall et al.®%, and Fedorockova
et al.® propose that MgO is protonated in two steps, the second being rate determining.

1.8.3 Molybdenum

Molybdenum is a hard, white lustrous, in the pure state ductile metal of great mechanical
strength which melts at 2620 °C and boils at 4825 °C.["™® The theoretical density of molyb-
denum amounts to 10.28 g/cm3®9, |t crystallizes body-centred cubic.[”® The physical proper-
ties of molybdenum are summarized in Table 3.

Table 3: Physical properties of molybdenum.[73. %l
Property Value
colour white lustrous
atomic number (Z) 42
atomic mass 95.94 amu
density 10.28 g/cm3
atomic volume 9.32 cm®/mol
crystal structure body-centred cubic
melting point 2620 °C
boiling point 4825 °C

Molybdenum is a natural mixture of six stable isotopes and twenty nine radioisotopes are
known. The stable and the most important radioactive molybdenum isotopes are summarized
in Table 4. Molybdenum enriched in isotope ®Mo is favoured over natural isotopic composition
for utilization as inert matrix because of its advantageous behaviour during neutron irradiation.
The main reason is to limit the build-up of ®*Tc (T = 210000 a) which is regarded as one of
the most problematic fission products. Additionally natural molybdenum has a much higher
neutron capture cross section in the fast spectrum region compared to %Mo, especially the
%Mo and 9”Mo isotopes. Neutron irradiation of Mo will lead to ®*Mo which is only little radio-
active (positron emission) and not radiotoxic and then to the stable **Mo.®!
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Table 4: Stable and the most important radioactive molybdenum isotopes together with their half-
lives, decay modes and relative abundance.®]

A Ty, Decay mode (%) Abundance (%)
92 stable 14.84
93 4.0-10%a B~ (100)

93m 6.85h IT (99.88)

g, BT (0.12)

94 stable 9.25
95 stable 15.92
96 stable 16.68
97 stable 9.56
98 stable 24.13
99 65.94 h B~ (100)

100 10" a primordial 9.67

Molybdenum is a transition metal and the electron configuration of its valence electrons is 4d°
5s'. It occurs in the oxidation states -2, -1, 0, +1, +2, +3, +4, +5, and +6. The most important
and stable compounds are those of the hexavalent molybdenum. The divalent and trivalent
states are stable only under extreme oxygen exclusion.”® Standard reduction potentials (V)
for molybdenum at pH = 0 are displayed in Figure 8.

+0 |

0 Mo 020 Mo

Mo" 05 —2L— Moy 02" MoV 0,

| +0.646 -0.152 |

+0.15 -0.008

Figure 8:  Standard reduction potentials (V) for molybdenum at pH = 0.[73!

1.8.3.1 Dissolution Chemistry of Molybdenum

Water has virtually no effect on molybdenum.®® Molybdenum metal is relatively inert to acids
such as hydrochloric acid at room temperature (RT). Molybdenum is sensitive against heated
hydrochloric acid (110 °C); the attack of dilute HCI is much more aggressive than that of con-
centrated HCI (passivation).[®® An aqueous solution of sodium hydroxide and potassium ferri-
cyanide dissolves molybdenum.[®3

The well-known PUREX process, which serves as a referencel® is based on dissolution of the
fuel in nitric acid as the head-end step. Therefore, nitric acid was used in all dissolution exper-
iments in this work and will be considered in greater detail below.

Dissolution in Nitric Acid

The dissolution of molybdenum metal in nitric acid has been studied quite intensively in the
late 1950s and early 1960s in the context of the reprocessing of uranium-molybdenum alloy
nuclear fuels, which contain up to 10% Mo.[60-61. 98-99]

Molybdenum is attacked by cold nitric acid; however dilute acid has a stronger effect than
concentrated acid. In the heat molybdenum is dissolved quickly independent of the concentra-
tion in a very vigorous reaction but the corrosion rate decreases with the contact time. ! The



22 Introduction and Background

attack of molybdenum by concentrated nitric acid solutions results from the oxidizing power of
HNO:s. In the heat, the dissolution of Mo is quick and lively: the maximum speed was obtained
for a nitric acid concentration of 36-38 wt.%, for which the sample shows a brown-black dis-
coloration, probably due to MoO,. At higher concentrations molybdenum remains clear and
metallic.l! The reaction in dilute acid is presumed to be

Mo + 2HNO3; = H,MoO4+ 2NO (34)
or Mo + 6HNO3; = H,MoO,4 + 6NO, + 2H,0. (35)
MoO2(NOs). or [MoO2-MoO3s](NOs). are formed in more concentrated nitric acid solutions. In
concentrated nitric acid molybdenum dissolves according to

Mo + 2HNO3 — MoO3 + 2NO + H,0. (36)
However, the produced MoOj; does not dissolve readily in nitric acid.['® Therefore mixtures of
acids have been used to improve the dissolution rates. The dissolution of molybdenum in nitric
acid may be enhanced or inhibited by different additives.

The addition of NaNO; stimulates dissolution which is autocatalytic, HNO; being the catalyst,
and even eliminates the induction period.!'%-1" During this period, the oxides (MoO3 to MoO)
form on the surface. Then, the dissolution is actually an electrolytic corrosion.’*®

The addition of thiourea, which acts as a HNO, scavenger, slows the dissolution and can
inhibit it for several hours if the introduced concentration is sufficient, which actually corre-
sponds to the time required for the total consumption of thiourea by HNO; formed.['92-103]

In (initially) 9 mol/L nitric acid containing 200 g/L uranium (introduced as a pellet of UO2) mo-
lybdenum precipitates when its concentration exceeds 1 g/L. For 1.5 g/L Mo introduced pre-
cipitation of MoQs is slow and does not occur within the first 6 hours; no UY-Mo"' is observed.
In fact, molybdenum passes very quickly in solution up to 5 g/L and begins to precipitate during
the dissolution of uranium; this is probably due to a more rapid initial dissolution of molyb-
denum. The influence of uranium is ambiguous since the final acidity varies according to the
initial concentration of uranium. Molybdenum is less soluble in solutions with low uranium con-
centration and higher acidity. A precipitate, which appears from high initial concentrations of
nitric acid (> 7 mol/L in this case), contains Mo and U when the final acidity is low (1.5 mol/L),
while when it is high (9.7 mol/L) it would contain Mo. The reaction of the dissolution being
exothermic, acid losses by formation of nitrous vapours are all the more important as the me-
dium is acidic.t®

When studying the influence of plutonium on the precipitation of molybdenum, using a sin-
tered oxide (U,Pu)O: or crushed oxide leads to the same observations. In the presence of
plutonium, the solubility of molybdenum seems to increase. Very fine rust coloured precipitates
were observed. They contain Mo and Pu but no U. The authors note that extended contact of
the mother solution and precipitate, the solid redissolves. Its solubility presents a negative
temperature coefficient, probably due to solvation phenomena. A study of the interaction of
molybdenum and plutonium was undertaken for the valences of plutonium IV and VI, intro-
duced in solution in the form of nitrate. At low acidity and ambient temperature a precipitate
between Pu" and Mo"' is formed, but this is not observed at higher acidities (7 mol/L HNO3).
Species such as Pu(MoQO4)sH2-nH20 or PuzMoeO22-nH20 were assumed. *¢1 A similar complex
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(ZrMo207(0OH)2(H20).) is known for the Mo-Zr system!'%l. However, no precipitate is observed
between Pu"' and Mo"' at RT. The introduction of iron(Ill) favours the formation of plutonium
valency VI, and therefore its presence would reduce Pu losses.[®

In nitric acid-phosphoric acid solutions uranium molybdenum alloys dissolve at high rates,
with maximum rates at about 0.25 mol/L HsPO4. For example, the rate of the dissolution of
uranium-3% molybdenum alloy in boiling 10 mol/L HNO3 increases from 200 to about
290 mg/min-cm? when the phosphoric acid concentration is increased from 0 to 0.25 mol/L; a
further increase in phosphoric acid concentration to 1 mol/L causes a decrease in rate to about
110 mg/min-cm?. The rate increased with increasing nitric acid concentration in solutions of
constant phosphoric acid concentration. The phosphate concentration did not change signifi-
cantly during dissolution. Phosphate ions strongly complex molybdenum in dilute nitric acid
solution by reaction similar to the following!®"!

2P0 +18M00; = (P,M0150¢2)% (37)
However, in solutions where the nitric acid concentration is greater than about 2 mol/L little
benefit derives from the use of phosphoric acid as a complexing agent for molybdenum. Addi-
tionally, ferric ion is required to complex the phosphate in the subsequent solvent extraction
step, which makes the use of phosphate impractical.8' 191

The dissolution of molybdenum in the presence of other nitrates also depends on the cations
(Fe®, UO22*, AR, H*).' Iron(lll) nitrate is known to significantly increase the solubility of
uranyl molybdate in nitric acid. Ferric ions strongly complex molybdenum in dilute nitric acid
solution. Anion exchange resin studies indicate that a negatively charged iron-molybdenum
complex ion is present in such solutions.®” Heteropolymolybdate ions are formed by reactions
similar to the following®!:

2Fe® +12M00; + 6H,0 = (Fe;M04,04,)% + 12H* (38)

At each of the investigated acid concentration, uranium-molybdenum alloys dissolve in nitric
acid-ferric nitrate solutions more rapidly than in nitric acid alone. For example, the initial rate
of dissolution of U-Mo(3%) alloy in boiling 8 mol/lL HNOs increases from 142 to about
200 mg/min-cm? as the ferric nitrate concentration increases from 0 to 1 mol/L. Off-gas analy-
sis indicate that the gas mixture evolved during dissolution is about 70% NO and 25% NO..
Less than 0.2% hydrogen is present in the gas. In most cases, the dissolution rate showed a
first-order dependence on the ferric nitrate concentration regardless of the nitric acid concen-
tration. 6" %9

Other potential complexing agents for molybdenum such as Co(ll), Cr(lll), Ni(ll), Al(ll), Mg(ll)
and As(ll) are less effective as Fe(lll).1"

Molybdenum probably reacts with undissociated nitric acid as follows!°"

HNO;(dissolved) — HNO3(adsorbed) — HNO, (dissolved) + O(adsorbed) (39)
2Mo + 30(adsorbed) — Mo,O5(dissolved) (40)
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The first adsorption step (equation (39)) is assumed to be rate determining, the other pro-
cesses are fast. The dissolution rate r of molybdenum in nitric acid increases linearly with the
concentration of undissociated acid, c(1-a) (o. = degree of dissociation), and decreases more
steeply with agitated samples because agitation partially removes the thin reaction layer on
the sample. The reaction rate is no longer influenced by agitation for 2(1-a) > .. The limit of a
= 2/3 shows a reaction between two dissociated molecules and one undissociated molecule,
or such decomposition products having trapped oxygen to deliver to the metal surface.®: 1011

1.8.3.2 Speciation of Molybdenum in Aqueous Solution

In aqueous solution the highest oxidation states of molybdenum (+4, +5, +6) are most stable.
The lower oxidation states (-2, -1 and +1, 0) are found mainly in the form of organometallic
complex compounds and ligands involving m-acceptors, which stabilize the oxidation states.
Molybdenum shows a distinctive aqueous chemistry, primarily for the oxidation states +2 to
+6. It occurs in the form of aqueous and oxoaqueous ions for these five states under acidic
conditions (pH < 2). Due to the existence of rapid protonation, dimerization and polymerization
equilibriums, the characterization of Mo(VI) species is complicated. The aqueous forms of ox-
idation states Il to V have been identified and are summarized in Table 5. All of these species,
except Mo(H20)s*, are diamagnetic.l*®

Dimeric complexes, such as the acetate complex Moz(O.CMe)s which, according to Cotton
and Walton!"%, exhibit quadruple intermetallic bonds dominate the chemistry of the oxidation
state Il. Covalent overlap is achieved through 4d orbitals of the metal.['”!

Molybdenum(lll) is a relatively rare oxidation state and is easily oxidized by air and other oxi-
dizing agents to more stable states. Several compounds of Mo" exist in both aqueous and non-
aqueous systems. However, the Mo®" cation does not exist in the free state in aqueous solu-
tion, it hydrolyses, polymerizes or forms complexes.l'®® By reduction of MoOs* or
Mo204(H20)e?* in acidic solution, the green Moz(OH)z(H20)s*" is formed.

The coordination chemistry of Mo" is diverse and involves a number of important monomer
and trimer systems. Although there are many examples of oxocomplex monomers, there is a
similar proportion of non-oxocomplexes and Mo has a great diversity in the coordination num-
ber with examples of 4 to 8. The core of the ion Mo3z04(H20)s**, Mo304*, is very stable.

Table 5: Aqueous ions of molybdenum at pH < 2.

Description Formula Mo-Mo bond Colour
Mo', Moz(H20)s* quadruple red
Mo Mo(H20)s** none pale yellow
Mo", Moz(OH)2(H20)s** triple green
Mo"; Mo304(H20)e* single red
MoV, Mo204(H20)e?* single yellow orange
MoV'x Different forms none colourless

x=1or2
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Figure 9: Different structures of MoV.

Molybdenum(V) is easily obtained by reduction of Mo"' in the form of Naz[MoQ4]-2H20 in acid
solution as the binuclear yellow-orange ion Mo20.?*. The chemistry of MoY is dominated by
mainly dimeric oxocomplexes. Nevertheless, monomeric species can be isolated from strongly
acidic solutions. The best known monomeric species is the green chloro-complex isolated in
solid form (NH4)2[MoOCls]. Figure 9 presents different structures of Mo". The diamagnetism of
the aqueous ion of MoY, Mo2(=0)2(u-0)2(H20)6?*, which contains two octahedral units [MoOs],
has been rationalized by the proposal of a single Mo-Mo bond. The incorporation of MoV in
species of mixed valence Mo2'Mo4"'01s* (blue), Mo3YMo3"'O1gH?* (red) and MosYMo,"'O+7H-
(yellow) have been reported.®®

The chemistry of the oxidation state VI is a much richer and more complex than the previous
ones. Therefore, it will be described separately in the following section. Additionally, three
mixed anionic MoY/Mo"' species, which have been described in acid, are also reported.

1.8.3.3 The Chemistry of Mo(VI) in Solution

The speciation of molybdenum has been studied intensively in hydrochloric and perchloric acid
medium, but little is known about the speciation in nitric acid medium, especially at high acidi-
ties, which are relevant for the dissolution of IMF. The chemistry of hexavalent molybdenum is
dominated by the oxo ligand (O%) and its analogues. This oxidation state, the highest of Mo,
requires the presence of ligands which are not only good n-donors but also good c-donors for
its stabilization. Such ligands should have filled p-orbitals not involved in bonds with other at-
oms. Formally, this leads to a situation in which a multiple bond is formed between the Mo and
its ligand donor. The oxo ligand was considered as the only stabilizing ligand which complexes
MoV, but it is now recognized that the sulfido ligand (S%) can replace the oxo ligand in a sig-
nificant number of cases.

Moreover, in some cases, selenido (Se*), peroxydo (O2%), persulfido (S>%), imido (NR%), ni-
trido (N*), ligands, and others, can form complexes analogous to oxo chemistry. The latter
remains a benchmark from which the chemical structure of analogue ligands can be pre-
dicted!"%®. Figure 10 summarizes the Mo(VI) speciation in aqueous phase as a function of pH.
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Figure 10: Summary of the Mo(VI) speciation in aqueous phase as a function of pH.['1%

The molybdate is well known to exist in alkaline solutions of pH > 7. With an increase in the
molybdenum concentration molybdate ions polymerize to form isopolymolybdates, which were
reported to exist in the region of molybdenum concentrations >10* mol/L.[''% Below this con-
centration, acidification of the molybdate proceeds to form mono protonated, diprotonated and
finally cationic species. Cationic species exist in the region of pH below one. In the acidic
region, the existence of dimeric cations has been suggested in the more concentrated solu-
tions of molybdenum.['1%

Molybdate and Related Species

Examples of mononuclear species are abundant in the chemistry of simple coordination of
MoV'. This is partly due to the absence of valence electrons in the complexes of Mo', which
excludes the formation of intermetallic Mo-Mo bonds. However, we must take into account the
very large class of heterocyclic compounds (containing more metallic elements) and homo- (or
iso-) polymolybdates. The overall equation for the formation of oxomolybdic(VI) species in
aqueous solution can be written as:

PH"+ gMoO3" = Hy, 5 Mo, OS2t + 1H,0 (41)
r may be negative in the case of protonated monomer or polymer cations. Characteristic struc-
tures of oxo-complexes of Mo(VI) are given in Figure 11.
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Figure 11: Structures of oxo complexes of molybdenum (VI).[111-112]
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Terminal oxygen atoms are arranged in the cis position relative to each other. This structure
allows the maximum utilization of the d-orbitals (dxz, dyz, dxy with ligands along x, y, and z
axes) of the acceptor by strong-donor oxo-groups. Structural fragment characteristics of
Mo(VI) complexes: cis-MoO,?* and fac-MoOs for mononuclear complexes and Mo,O3%* and
Mo.0s?* for binuclear complexes have been described by various authors.['%6. 113-113]

In the case where the species are not formed by protonation of MoO4?%, this equation must be
considered only as a formal definition of p and g. This denotes the Hp2M0Q4q?9P- case by
the pair (p,q) notation used frequently in the literature.

The tetrahedral molybdate ion, MoO4?, colourless, is the key precursor for many of the chem-
ical compounds of MoY'. In moderately concentrated solutions, the mononuclear ion is only
present in solutions of pH > 7. For low concentrations of Mo (< 10 mol/L), acidification of the
solution to pH < 7 leads to the two protonated forms of the molybdate ion: HMoO4 and H,MoO4
(assumed octahedral, although other geometries have been suggested). Cruywagen studied
both protonations by spectrophotometry!''®l, respecting two essential conditions: (i) a low con-
centration of Mo to prevent any condensation reactions or polymerization; (ii) a low ionic
strength to minimize the background of absorption and reduce the formation of polymeric spe-
cies. The pH range for the study ranges from 2.5 to 6. The system can be described by the
following equilibria:
HMoO} = MoO3 + H* (42)
H,MoO,4 = HMoOj + H* (43)
The reaction (42) is controlled by entropy while the reaction (43) is enthalpy controlled. For pH
< 7 and moderate concentrations in aqueous solution, protonation initiates the polymerization.
Equilibria (44) and (45) have significant effects and the heptamolybdate (or molybdate) ion
predominates.
7Mo0O3 +8H" = Mo;0%5; + 4H,0 (44)
Mo,05%; + MoO3 +4H* = MogO3g + 2H,0 (45)
These polymerized forms play an important role in the chemistry of MoV, in the pH range be-
tween 2 and 7. For pH between 1 and 2 (depending on the concentration of the species) pol-
ymer degradation appears and leads to octahedral dimers and monomers. The polymerized
forms are generated by converting the tetrahedral Mo"' in an octahedral structure in which a
corner, edge, or (occasionally) a face share the coordination of an O? ion between adjacent
Mo atoms. The structures of the isopolymolybdate anions (as opposed to heteropolymolyb-
date) are based primarily on the Mo coordination number six. The isopolymolybdates are gen-
erally colourless.

The polymers obtained by lowering the pH below 7 have been extensively studied. For solu-
tions with Mo"' concentration above 102 mol/L and a pH between 3.0 and 5.5, the predominant
form is the heptamolybdate(V1) ion: Mo;O24%, sometimes referred to as molybdate, which can
be singly, doubly or triply protonated'®. Despite numerous attempts, no intermediate was
characterized unambiguously in the aqueous conversion of MoO4? to Mo7O2%. At pH < 4.0,
the octamolybdate B-MosO2s* was obtained according to equation (46).0'""

8M003 + 12H" = MogO3g + 6H,0 (46)
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Heteropolymolybdates (polyoxometalates)

Molybdenum(VI) forms a large number of heteropolyanions, some of which have been known
for over a century, but the actual polymerization mechanisms remain unclear. It can be as-
sumed that the role of the counter ion differs depending on the ionic strength of the medium
through the formation of ion pairs; even more important if the equilibrium involves polyanionic
species.

Although new structures of polyanions continue to be discovered, it is possible to identify some
general principles that control these structures. Many polyoxometalates are seen as arrange-
ments of MoOs octahedra sharing their edges or their corners, each with one or two free verti-
ces (terminal oxygen). In an alternative view of polyoxometalate structures, especially those
incorporating non-metallic heteroatoms, they are presented as pseudo-clathrates. The com-
pound PMo+12040% is an example where the PO,* groups are in a neutral layer (Mo12036) con-
sisting of square pyramidal MoOs sharing their edges and corners.

The reactions of molybdate ions with oxo/hydroxo/aquo species of the element X in acidic
medium leads to the formation of heteropolymetalate ions in the overall equation:
pH" + qMoO3” + rXO,(OH), (H,0)k =
X:MogO(OH),(H20)]" + (4q+ru+rv+rw-x-y-z)H,0
with (m =2q £ rk - p).

(47)

Many heteroatoms exist in diverse and often rare oxidation states in the heteropolyanions.
Structures of heteropolymetalates depend on the heteroatom X (ionic radius, coordination
number, oxidation state, etc.), the initial proportion XOu(OH),(H20).**/MoQ.? in solution, the
pH and concentration of molybdate, time, temperature, the presence or absence of additional
reagents, and catalytic effects.!!18-120]

Cationic Mo"' Species in Strongly Acidic Solution

Condensation of Mo"!, in strongly acidic solution, in the absence of complexing ligands, results
in the formation of cationic species dimers. Krumenacker!'?'-'28! studied this phenomena and
confirmed the presence of the species formed by electrophoresis on cellulose acetate strip and
potentiometry. The degree of condensation of the cations was also determined by a study of
diffusion coefficients. The existence of HMo.Os* cation, in perchloric acid, was postulated by
Chauveau et al.l"®! in 1955. Cruywagen et al.l'*% proposed a system of descriptive equilibria
in 3 mol/L perchloric medium in 1978:

HMoOj3 + H,0 = H,Mo0, +H* (48)
2HMoOj3 = H,Mo,03" (49)
H,Mo,03" = HMo,0g + H* (50)
H3Mo,03" = H,Mo,03" + H* (51)

But this system does not take into account either the doubly charged cationic monomer species
Mo(OH)4(H20)2%* or HoMoO3?* reported by Ojo et al.l'3", considered negligible for a perchloric
medium < 3 mol/L, or polycationic species over-condensation greater than two.
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The formation of more species than the proposed monomeric and dimeric cationic species was
proposed by two studies.['¥213 | ijght scattering techniques and Raman spectra revealed a
decrease of aggregation of the Mo-entities during titration steps towards lower pH values, when
the pH was lowered from 1.1 to 0.86 and then a rapid increase of the molecular weight of the
species present in solution at a pH of 0.8.1'* Below the isoelectric point of molybdic acid there
are different polymeric species present in solution, which are possibly positively charged.
There is also strong evidence for the presence of larger oligomeric cationic species in their
9%Mo-NMR and Raman-spectroscopy datal'®?. The data did not provide enough information for
the determination of the structure of these species, but the Raman-spectra indicated an octa-
hedral coordination of Mo and a presence of cis-dioxomolybdenum moieties in the oligomers.

1.8.3.4 Hydrates and Oxides of Molybdenum in the Solid State

Below 20 °C no reaction of Mo with air or oxygen can be observed, significant oxidation occurs
at temperatures in the range of 400 °C (vigorous from about 600 °C). Metal powder reacts
already at RT with the present humidity. Fine-grained powder is oxidized more easily than
coarse-grained.l®! The molybdenum oxides are summarized in Table 6. In the heat molyb-
denum can be processed only under vacuum, hydrogen or an inert gas (e.g. argon). This ap-

plies especially to the operations sintering, preheating at shaping, intermediate annealing,
etC_[QS, 100, 108, 134]

MoOs is the main molybdenum oxide. The existence of oxides hydrated with one or two water
molecules, MoOs-H>O and MoOs-2H-,0, has been established. Both hydrates can be obtained
by acidification of a molybdate solution. Monohydrate is known to exist in diverse crystalline
forms. There are no detailed studies on the range of existence of MoOs and the hydrates for
acid system MoO3-H20. In acid solution at 20 °C, the solid phase in equilibrium with the solu-
tion is MoO3-2H,0 in 2 to 6 mol/L HNO3, while the monohydrate is the solid phase on both
sides of this concentration range. For T > 40 °C, the monohydrate is the stable white solid
phase in the acid system MoO3-nH>0-H>0. MoOs melts at 795 °C and can be sublimated at
800 °C in need vacuum. The vapour contains the molecules Mo3zOg, M04O12 und MosO1s. From
1000 °C MoOs decomposes releasing oxygen.!'35-1%!

MoO;-2H0 is a transparent lemon yellow solid.l"8”] Dehydration in the air leads in the first
stage (60 to 80 °C) to the yellow monohydrate, then in a second stage (110-125 °C) to the
anhydrous trioxide. These two distinct stages result from the existence of two types of bonds
to the water molecules in the structure. In an aqueous medium the water loss is continuous.
According to Heyns et al.l'*®], the oxide easily loses a molecule of water of crystallization. Since
the dihydrate is converted to monohydrate above 40 °C, the solubility of MoO3-2H,0 results in
metastable solutions!'®. The solubility in water at 25 °C is of the order of 0.012 mol/L. In a
nitric medium, the maximum solubility is in the order of 0.125 mol/L for 3-4 mol/L HNOs at
26 °C. The decrease in solubility in concentrated solutions of perchloric acid is probably a
variation of activity coefficients!'?¥l, Surprisingly, according to Freedman 4% this decrease is
due to the appearance of an anion.
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Table 6: Solid molybdenum oxides/hydrates (OS = Oxidation state).[73. 1001

OS Composition Characteristics
1l MoO black
] Mo(OH)s or Mo,03-3H,0 black
v MoO2:nH20 n = 1; 2 or 2.5 or MoO2.,(OH)2n, brown
? MoOQ1.6(OH)1.6 or MosOg(OH)s or MosO7(OH)+o brown
MoO(OH); and MoO(OH)3-2H,0 brown amorphous
[Mo2/04(OH)2(H20)4]-6H.0 brown diamagnetic
V-VI MoO;s3'xH20 x= 0.7 - 1.03 blue
MoO2.75xH20 to MoO2.93-xH20 amorphous, identification difficult
? MoO2(OH)(OOH) yellow
V-Vl HxMoOs (0<x<2) or MoO3(OH)x 4 intensely coloured phases
HosMoO3-xH.0 and H.1oMoO3-nH.O n=1, 2 blue-black
VI MoOs white
MoO3-2H,0 yellow

The monohydrate MoOs-Hz0 can be prepared by heating MoO3-2H,0 in a molar solution of
HNO3 at 50 °C for 24 h. It crystalizes in the form of fine colourless needles. By acidification of
ammonium, sodium or potassium molybdate solutions with nitric acid, monohydrates are ob-
tained with the sodium compound in low concentration (0.4 mol/L) and an acid concentration
of 2.5 mol/L at 40 °C (2 d) or 70 °C (20 h). For other molybdates, or more concentrated sodium
molybdate solutions at higher temperatures, the precipitates obtained proved to be "Phase C"
isopolymolybdate whose composition is very similar to that of MoO3-H,0.: 401 The solubility
of the monohydrate in nitric acid medium has been studied by various authors. According to
Shapiro!'*"], the degree of polymerization of isopolyanions increases with the increased acidity
until the isoelectric point (pH 1.1-1.8), where the monohydrate precipitates. When the temper-
ature increases from 20 to 100 °C, the solubility decreases significantly. Vorob’ev!'#? attributed
the decrease in solubility with temperature, for a given concentration of HNO3, to the formation
of lower soluble polymeric species of molybdenum at higher temperatures. The mechanism of
dissolution in HNOs involves the oxygen vacancies on the surface of the solid, whereas in more
oxidizing conditions these vacancies disappear (effect of acid concentration).[®® 143! |n nitric
acid solutions >4 mol/L, these defects can be removed by oxidation: At these high concentra-
tions, the oxidation potential of nitric acid is sufficient to oxidise all of Mo" to MoOs; (Mo" >
MoV + 3e” E=0.5 V). The slow dissolution kinetics let surfaces becoming more ordered. And
above 8 mol/L HNO3, the solubility of monohydrate becomes zero!"#4. Under certain condi-
tions, the monohydrate tends to form colloidal solutions!'*. Vizsolyil'“®! studied the precipita-
tion of Mo"!, adding an excess of reagent H2MoO. to various solutions. In low concentrated
nitric medium a MoOs-nH20 precipitation is formed very slowly at RT. Heating the solution (50
- 60 °C), the precipitation becomes fast. The molybdic oxide obtained, characterized as the
hemihydrate MoO3-'/2H-0, is not redissolved significantly when returned to RT after stirring for
24 hOUrS.[142’ 146-147]
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Figure 12: Precipitation of MoV from concentrated acid solutions.[140]

The precipitation of Mo"' from concentrated acid solutions is summarized in Figure 12. The
compounds of the "Phase C" are predominant precipitates when the heated solutions have
high concentrations of ammonium or alkali salts and acidity lower than 2.5 mol/L. Only the
dihydrate crystallizes in a reversible manner, but the rate of crystallization is very slow for H*
concentrations below 2.5 mol/L. The reactions that produce MoO3 and "Phase C" are irreversi-
ble, which justifies the appearance of these compounds under conditions where hydrates are
expected. Precipitation would therefore be under kinetic rather than thermodynamic control.[47]

1.8.3.5 Extraction Chemistry of Molybdenum

Various methods have been adopted for recovery of molybdenum from different solutions, in-
cluding precipitationl'#®1%9 adsorption with activated charcoall'®'-'%2, jon exchange!'s-'%%, and
solvent extraction. Precipitation being the simplest method seldom yields high purity products.
Small capacity and low selectivity and complexity of the process are the limiting factors in
adsorption with activated carbon and ion exchange.['%!

From weakly acidic solutions Mo(VI) is effectively extracted by secondary or tertiary alkyl
amines (R=Csg - C1s), especially tri-n-octylamine, diluted in organic solvents (kerosene, ben-
zene, dichlorpentane, etc.). The polymeric anion MosO2s* reacts according to

2(R3NH).SO4 + MogOz6* > (RsNH)MogOas + 2804* (52)

The re-extraction is carried out with sodium carbonate, ammonium carbonate or alkali metal
hydroxide. Despite the very high degree of extraction of molybdenum by amines the low se-
lectivity is disadvantageous. TBP dissolved in amounts up to 50% in diluents (kerosene, n-
octane, n-heptane, benzene, xylene, isoamyl alcohol, CCls, etc.) is very suitable for the sepa-
ration and extraction of Mo in hydrochloric acid solutions. For the back extraction ammonium
hydroxide is used. In contrast to chloride media, from which it readily extracts into 1-10% TBP
in the forms of molybdenyl chloride MoO.Cl2(H20)3:(TBP). and the complex acid
HMoO:Cl3(H20)3(TBP)2, molybdenum is poorly extracted with TBP from nitrate media. How-
ever, TBP is apparently capable to increase the capacity of other extractants under certain
conditions, but the mechanism remains unclear.!'s”]
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Di-2-ethylhexyl phosphate (D2EHPA) is particularly suitable for the separation of Mo-W and
Mo-Re. The extraction is performed with 5 to 15% solutions of the alkyl phosphate preferably
in kerosene. MoO,?* is extracted as MoO2(R2PO4).2H.PO.4 (R=ethyl hexyl radical). The most
favourable is pH 1.5 - 2.5. Fe*" has a strong inhibitory effect and must be removed by neutral-
ization. The re-extraction is performed with sodium carbonate or ammonia.[%8!

CYANEX® 600 is advertised as extracting agent for removing molybdate (Mo(VI), MoO2?") from
acidic solutions and was studied by Bremer et al.['®® to determine whether solutions of molyb-
denum based IMF in nitric acid could be decontaminated this way, i.e. by extracting molybdate
while leaving actinide, fission product and corrosion product ions in the dissolution solution.
The extraction of molybdate into solutions of CYANEX® 600 is promising for the purification of
the molybdenum matrix material of CerMet fuels. The unwanted co-extraction of Zr(IV), Fe(lll)
and potentially Pd(ll) can be suppressed by adding CDTA as a masking agent for these spe-
cies.['%d

1.8.4 Actinides Oxides

The actinides (Ac), which contribute significantly to the radiotoxicity of spent fuel after nuclear
reactor operation, are the 14 metals situated after the actinium (Z = 89) in the periodic table,
from thorium (Z = 90) to lawrencium (Z = 103). The 5f level of the actinides is partly or com-
pletely filled with electrons, except the thorium. All of the about 200 known isotopes of the
actinides are radioactive. Only actinium, protactinium, uranium and thorium occur naturally on
earth in significant quantities. All transuranic are artificially produced and arise for example in
the reactor. For transmutation the MA are preferred in their dioxide form of cubic fluorite struc-
ture, because of the large experience with UOX and MOX fuel which shows good stability
under irradiation.”? The dioxide has become the reactor fuel of choice for commercial LWR
and many FR designs. Single and mixed element actinide dioxide fuels have been manufac-
tured and irradiated. A variety of different fabrication routes were used, including chemical
precipitation or mechanical blending followed by pelletisation and sintering. The material char-
acteristics (grain size, surface area, porosity and density) are dependent on the fabrication
routes. These material properties affect the process chemistry, particularly with regard to the
dissolution behaviour.['®® The chemistry of the actinide oxides is complex, due to the wide
range of oxidation states +lI, +lll, +IV, +V, and +VI, which can exist for the actinides. The acti-
nide oxides mostly form dioxides and sesquioxides, and solid phases with different stoichi-
ometries are summarized in Table 7. 6" The +IV oxides of actinides have the general for-
mula MO; and crystalize in the fluorite face centred cubic structure, their stability decreases
with the atomic number. Americium dioxide can be prepared by heating a variety of americium
compounds, e.g. hydroxides, carbonates, oxalate, or nitrate, in air or oxygen at temperatures
of 600 - 800 °C. Due to radiation damage, which reversibly broadens the diffraction lines at
low temperatures in both 2'AmO, and ?*AmO,, it undergoes an expansion of its fcc lattice
constant. AmO; contracts more strongly than the dioxides of the lower actinides upon cool-
ing.l'%2! Plutonium dioxide (PuO2) which is industrially prepared by the oxalate precipitation,
calcination and sintering processes, is the only industrially relevant plutonium oxide.?"! The
sintering conditions, notably increasing temperature, cause a decrease in surface areal®”.
Some properties of PuO» are summarized in Table 8.
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Table 7: Known stable phases of actinide oxides. The phases marked with * are considered as met-
astable phases. The most stable oxide of each element is printed in bold.['61. 163]
Ac Th Pa U Np Pu Am Cm Bk Cf Es

+2 ThO* uo* PuO* EsO
+3 Ac0; Puz0s Am;0; Cm;Os Bk;Os Cf0; Es;Os
+4 ThO, PaO; UO, NpO: PuO; AmO; CmO, BkO, CfO;
+5 Pa;0s U.Os NpzOs

USOS
+6 UOs NpOs

Table 8: Properties of PuO,.1164

Property Value Property Value
Molar mass 276.06 g/mol Crystal structure fluorite
Melting point 2400 °C Space group Fm3m
Density (20 °C) 11.46 g/lcm? Lattice parameter a 5.3960(3) A
lonic radius 1.1A

Table 9: Properties of Ce0,.[165-166]

Property Value Property Value
Molar mass 172.12 g/mol Crystal structure fluorite
Melting point 2000 °C Space group Fm3m
Density (20 °C) 7.3 g/lcm? Lattice parameter a 5.411 A
lonic radius 1.11A

There are no major hindrances to forming a solid solution in a large composition range because
the ionic radii of actinides are very similar and decrease with the atomic number. Therefore,
minor actinides are generally introduced in the fuel in the form of a solid solution of
(U,Np,Pu,Am,Cm)O. type, whenever it involves homogeneous recycling. (Am,Cm)O2 type
when it has to do with heterogeneous recycling on inert support, or (U,Am,Cm)O2 type when-
ever it involves heterogeneous recycling in breeder blanket. Neptunium is generally not con-
sidered in heterogeneous recycling even though there are no disadvantages for transmutation.
During the separation treatment, neptunium is easily extracted with uranium or with plutonium
and therefore naturally follows the uranium or plutonium cycle rather than that of americium
and/or curium. The compatibility of actinide oxides with the European R&D facilities of course
made it easier to develop this type of fuel.1"!

The non-radioactive cerium dioxide (CeOz) is commonly and accordingly in this work used as
surrogate to simulate the behaviour of PuO,!'%7-'%%, because of a very similar physico-chemical
properties including ionic radii in octahedral and cubic coordination, melting points, standard
enthalpy of formation and specific heat and chemical behaviour. Some properties of CeO, are
summarized in Table 9, for PuO. compare Table 8.
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1.8.4.1 Dissolution of Actinide Oxides in Nitric Acid

The dissolution of plutonium from fresh and spent PuO, or MOX is complex and depends on
synthesis, microstructure, and thermal as well as irradiation history.['"'7"1 When sintered to
temperatures greater than ~450 °C plutonium dioxide (PuQ,) is insoluble in nitric acid, be-
cause sintering to higher temperatures reduces the powder porosity and crystallinity!'7'-172],
According to Uriate and Rainey!'"! the dissolution rates for PuO- in 2, 10 and 14 mol/L nitric
acid are less than 10 mg/cm?-min. The dissolution rate is barely affected by the temperature
and HNO; concentration!'”3l. However, complexants such as fluoride or oxidants such as Ag(ll)
and Ce(IV) accelerate the PuO, dissolution!'70-171. 1731,

Am and Cm oxides dissolve in hot concentrated nitric acid without producing insoluble resi-
dues. AmO. was irradiated and dissolved in 6 mol/L nitric acid at 75°C in an early study to
identify Bk!'74. Due to high specific a-activity Am and Cm compounds are subject to significant
lattice damage. The expansion of the lattice and introduction of defects into Am or Cm com-
pounds!'”! will make these materials susceptible to dissolution.

NpO- can be dissolved in nitric acid; however accelerants, such as fluoride or oxidants
(Ce**/Ag(ll)) are beneficial. The dissolution of the CerMet type fuel is also improved by the
addition of small quantities of Hg as a catalyst, which also improves the dissolution of cladding
materials!'®, More recently electrochemical dissolution techniques using Ag(ll) as an oxidant
has allowed complete recovery.!""!

In the hydrous, freshly precipitated form cerium dioxide redissolves quite easily in acids, but
when prepared by ignition it is a rather inert material'”®, which is not soluble in aqueous solu-
tions of nitric acid, but can be attacked in an autoclave at 300 °C by nitric acid.['”"]
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1.9 Electrospray lonization Time-of-Flight Mass Spectrometry

The electrospray ionization method, which can probe the stoichiometry and relative abun-
dances of solution species, was developed by Dole et al.l'® to investigate macromolecules
and coupled to a mass spectrometer(MS) for the first time in 1984 by Fenn and co-workers!'79,
The method is mainly used for biomedical applications and the detection of large organic mol-
ecules. However, it is also widely used in studies on metal ions in aqueous solution that are
mainly aimed at determining elemental speciation, the interaction of metals with organic lig-
ands, and on the interaction of the metal ion with water or on hydrolysis. Electrospray ionization
is a very gentle ionization method, making fragmentations less probable. The spectra reflect
the distribution of charged molecules in the solution. With this method also minor species can
be detected. Flight time analysis covers a wide mass range at the same time. An isobaric

resolution is possible.

1.9.1 Electrospray lonization Source

In electrospray ionization (ESI) an analyte solution is introduced through a metal capillary and
a voltage is applied to the tip of the capillary. The voltage generates an electric field between
the capillary and a counter electrode. The electric field penetrates the analyte solution and the
ions move electrophoretically towards the counter electrode. A neutral carrier gas such as
nitrogen is often used to support the nebulization of the solution and the evaporation of the
solvent. Due to the evaporation of the solvent, the droplet size decreases, while the density of
the electric field increases on the droplet surface. If the radius of the droplet becomes smaller
than the so-called Rayleigh limit, the droplets decompose due to the repulsion of like charges
(Coulomb explosions) via the formation of a Taylor cone to a fine aerosol (about 10 um droplet
size). A small portion of the ions pass through the skimmer orifice into the vacuum of the mass
spectrometer. Figure 13 displays the schematic of an electrospray ionization source.['8%
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Figure 13: Schematic of electrospray ionization. Taken from Becker.[180]
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1.9.2 Time-of-Flight Analyser

The time-of-flight (ToF) analyser utilizes the different masses of the ions which possess the
same kinetic energy when entering the drift tube and therefore reach different velocities ac-
cording to

Ein="2m-v2. (53)

With the kinetic energy Exin, the mass m and the velocity v. The ions are accelerated at an
acceleration voltage into a field-free drift region. Because of the relationship between energy,
mass and velocity, the flight time of the ions is proportional to the square root of the mass.
Light ions are faster than heavy ones and therefore reach the detector earlier than heavy ions,
when flying through a field-free space. The principle of a linear ToF analyser is shown in Figure
14_[180]
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Figure 14: Principle of a linear time-of-flight (ToF) analyser. Taken from Beckerl'80.

The time resolution of the ions having different masses and the resulting resolution of the ToF
analyser are proportional to length of the drift tube. Therefore, in practice devices with ion
mirrors or reflectors in which the flight route is doubled by an additional electric field at the end
of the original direction of flight have proven to be of value. Furthermore an additional focusing
is achieved by this technique, since ions of the same mass, but with a higher starting energy,
penetrate deeper into the opposite field, thus travel longer in the reflector and catch up again
with the slower ions after the reversal of direction in the drift path and reach the detector at the
same time. A diagram of a ToF analyser with reflector is displayed in Figure 15.0'¢
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2 Aim of this Work

This work aims to assess a feasible head-end process based upon the dissolution behaviour
of MgO- and Mo-based inert matric fuels (IMF) dedicated to the recycling of minor actinides.
The IMF fuel is devoted to the transmutation of minor actinides in accelerator driven systems
within the partitioning and transmutation strategy (P&T) as future alternative for radioactive
waste management. The oxide dissolution and separation strategy is a fairly mature process.
New separation strategies have been tested on genuine spent fuel and the selected processes
will be evaluated for industrial implementation. Whereas the above is valid for actinide oxide
fuels, such as MOX and/or Minor Actinide containing MOX, the dissolution and separation
issues for inert matrix fuels containing ceramic magnesium oxide (CerCer) or metallic molyb-
denum (CerMet) to improve the thermal properties of the fuel, has not been investigated sys-
tematically. The recovery of the matrix material is important to reduce the cost of the ®Mo
enrichment and to reserve the capacity of the vitrification. In this context the following main
questions arise to evaluate the reprocessability of IMF:

e What are the optimal dissolution parameters for IMF and is it possible to achieve a
separation of the matrix material and the actinides during the dissolution process?

¢ What are the solution species of molybdenum in concentrated nitric acid?

¢ How are well-established extraction processes influenced by the high content of matrix
materials?

¢ Isthere an alternative recycling process to the very complex dissolution of molybdenum
in nitric acid?

Optimization of dissolution parameters — The dissolution of MgO has been studied inten-
sively in hydrochloric acid. It is also well known that MgO can be dissolved easily in nitric acid,
but the dissolution behaviour at conditions suitable for subsequent separation by established
extraction processes has not been investigated. The dissolution behaviour of molybdenum in
nitric acid has been studied in the 1960’s in the context of metallic uranium-molybdenum alloy
reactor fuel. However, this type of fuel contains only 3 — 10% molybdenum (compared to at
least 50% in the IMF) and uranium is known to improve the molybdenum solubility by com-
plexation. The aim of this study is to determine conditions at which the matrix material can be
selectively dissolved, allowing its separation, where the actinides remain undissolved.

Pure matrix pellets as well as pellets containing CeO, as surrogate for TRU oxide, were fab-
ricated as reference samples. All fabricated pellets were thoroughly characterized by means
of density measurements, micro hardness measurements, SEM investigation, and XRD. A
systematic macroscopic study of dissolution kinetics was carried out using batch dissolution
experiments. Besides the acid concentration and volume, temperature, stirring velocity, and
pellet density dependence a more sophisticated microscopic approached was followed to in-
vestigate the evolution of the MgO pellet surface during the dissolution process. On the basis
of this examination the total surface area of the pellet was estimated to establish a surface
normalized dissolution rate. The influence of Fe(lll) and NO;™ ions on the dissolution behaviour
of Mo was investigated. To get closer to a real fuel unirradiated Mo/PuQ pellets were utilized
for further optimization of the dissolution parameters.
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Solution species of molybdenum in concentrated nitric acid — A detailed knowledge of the
speciation of molybdenum in nitric acid medium is crucial on the one hand to understand the
dissolution process and on the other hand as a basis for the design of a tailored extraction
process. The speciation of molybdenum has been studied intensively in hydrochloric and per-
chloric acid medium, but little is known about the speciation in nitric acid medium, especially
at acidities related to reprocessing, which are relevant for the dissolution of IMF.

Therefore, electrospray ionization mass spectrometry, which can probe the stoichiometry and
relative abundances of solution species, was applied in this work to extensively characterize
and quantify the solution species of molybdenum in strongly acidic nitric acid medium. Moreo-
ver, the influence of macro amounts of Fe(lll) on the speciation was investigated. To reduce
the measurement times of the homemade nanospray ion source ALBATROS, a method was
developed to analyse solutions of molybdenum with natural isotopic composition with a com-
mercially available ESI/MS/MS instrument (QTrap) and implemented to investigate the acid
and Fe(lll) concentration dependence of the Mo speciation.

Impact of matrix materials on extraction process — Since Mg is not a constituent of con-
ventional spent fuel its behaviour in established extraction systems has not been investigated
hitherto. The extraction behaviour of molybdenum has been investigated in two different con-
texts. Molybdenum is a fission product of uranium and therefore a constituent of conventional
spent fuel and was considered in previous studies. However, the molybdenum concentration
in this kind of experiments is significantly lower, so that the problem of precipitation phenomena
is extenuated. Extractability studies with highly concentrated molybdenum solutions have been
performed in the context of separation of molybdenum from ores. However, ores are usually
dissolved in hydrochloric acid and these solutions do not contain actinides.

The extractability of Mg and Mo as well as the influence of macro amounts of matrix material
on the extraction of U(VI), Eu(lll), and Am(lIl) were examined. Extraction studies with TBP
were performed under PUREX conditions. The two well-known DIAMEX type extractants
DMDOHEMA and TODGA were studied for actinide(lll) and lanthanide(lll) extraction.

Alternative to dissolution of molybdenum — As an alternative to the very complex dissolu-
tion of Mo based IMF the separation of the matrix from the fuel by thermal treatment was
considered. This exploits the oxidation of molybdenum in air above 400 °C and sublimation of
the resulting MoO3 at 800 °C.

For this purpose an apparatus for exposure experiments was constructed and the investigation
was completed by subsidiary TG-DSC experiments. Additionally, the residues and products
were analysed by XRD. It is expected that the volatile components of the fuel are not deposited
together with Mo and the remaining components of the fuel do not evaporate at these temper-
atures.
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3 Experimental

3.1 Pellet Fabrication

To investigate the reprocessability of molybdenum and magnesia based inert matrix fuels ref-
erence samples containing different amounts of CeO; (0, 5, 10, 25, and 40 wt.%), which serves
as surrogate for plutonium dioxide, have been prepared by powder metallurgy.

3.1.1 MgO Pellets

MgO powder (Merck, pro analysis) was calcined at 600 °C for 2 h and hand milled with an
agate mortar. The powder (approximately 500 mg) was compacted into cylindrical pellets of
10 mm diameter by cold uniaxial pressing using a hydraulic press (Figure 16). The apparatus
used here is an Oehlgass, Hahn & Kolb press.

The range of pressures used for the investigation of optimal pressing and sintering conditions
varied from 130 to 765 MPa, the sintering temperatures varied from 1200 to 1600 °C. All MgO
pellets were sintered for 5 h in air atmosphere in an electric resistance furnace (Linn HT 1800)
with a heating rate of 2.8 to 3.8 K/min, depending on the holding temperature.

Figure 16: Hydraulic press for the fabrication of green bodies. The apparatus used here is an Oeh-
Igass, Hahn & Kolb press.

3.1.2 MgO/CeO: Pellets

In addition to pure MgO, pellets with CeO: contents of 5, 10, 25 and 40 wt.% were synthesized.
For this purpose, Ce(OH)s powder (Sigma Aldrich) was calcined at 600 °C to provide CeO.,
which was then hand milled using an agate mortar and mixed with magnesia. In order to pro-
vide a homogeneous distribution of the CeO, the mixing was carried out according to the fol-
lowing procedure. Both powders were given into a vial and shaken vigorously, the mixture was
then hand milled for 10 min. The powder was then pressed with an uniaxial hydraulic press
(Figure 16) at pressures between 190 and 700 MPa.
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The resulting pellets were sintered at 1500 or 1600 °C for 5 h in air atmosphere. Mixed
MgO/CeO: pellets used for dissolution experiments were pressed at 320 MPa pressure and
sintered at 1600 °C.

3.1.3 Mo Pellets

The Mo pellets were produced under similar conditions as the pellets which were produced at
NRG Petten!'®l. For each pellet 1 g Mo was pressed with a pressing force of 50 kN (640 MPa)
with a uniaxial hydraulic press (& = 10 mm, Figure 16). The pellets were then sintered under
argon atmosphere. During a first heating period the pellets were heated to 500 °C within 2.5 h
and this temperature was kept stable for 2 h. The pellets were then further heated to 1600 °C
within 5.5 h and sintered at this temperature for additional 5 h.

For the speciation experiments with the ALBATROS ESI-ToF as well as on the separation of
Mo by thermal treatment pellets with a mass of approximately 50-70 mg and a diameter of
2.7 mm were produced. Isotopically pure *®Mo was utilized for the speciation experiments
whereas molybdenum of natural isotopic composition was used for thermal treatments. The
powder was pressed with a uniaxial hydraulic press at a pressing force of about 3.5 kN
(610 MPa) and sintered according to the temperature program given above.

3.1.4 Mo/CeOs2 Pellets

According to the Mo/UO,- and Mo/PuQ; pellet production at NRG Petten!'8" pellets with CeO,
contents of 5, 10, 25 and 40 wt.% were synthesized. The preparation of CeO2 and the mixing
procedure was the same as for MgO/CeO: pellets. The resulting powder mixture was then
pressed with an uniaxial hydraulic press (compare Figure 16) at a pressing force of 50 kN
(640 MPa). The resulting pellets were sintered at the same conditions as the pure molybdenum
pellets.

Additionally, those powder mixtures were pressed into pellets of about 20-50 mg weight and
2.7 mm diameter at a pressing force of about 3.5 kN (610 MPa) with an uniaxial hydraulic press
and sintered at 1600 °C, at heating rate of 5 °C/min and 1 h holding time. These smaller pellets
were used for investigations concerning the separation of molybdenum from the fuel by thermal
treatment.
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3.2 Physical Properties and Microstructure of the Pellets

The densities of the green bodies as well as the sintered pellets were measured by the geo-
metrical or Archimedes method. For investigation of microstructure and mechanical properties,
the surface of the pellets was polished and chemically etched. The micro hardness H,, fracture
toughness Kic, and brittleness index B; of the sintered pellets was studied by optical micros-
copy (Zeiss KS300). The grain size distribution, microstructure and morphological structures
were investigated using a scanning electron microscope (SEM) with EDX. The later was used
for determination of element composition.

3.2.1 Determination of the Compressibility and the Sinterability of the Powders
The green (pc) and sintered (ps) densities of the pellets were determined by the geometrical
method. The mass m of the sample, its diameter D and its height h were measured and the
density was calculated according to:
_ 4m
Pgeo™ m (54)

For more accurate sintered density determination with Archimedes method the mass of the
specimen is measured twice; once in air and once in a liquid of known density (water with
p(lig)=1 g/cm®was utilized in this work). The density is then calculated by equation (55)!'82!:

= mup(lia) 55
me-Miiq (%9)
with the density of the liquid p(liq), the mass of the specimen in air m., and the mass of the

pellet in solution miy.

3.2.2 Micro Hardness, Fracture Toughness and Brittleness

Prior to the investigation of the sintered pellets, they were carefully polished with abrasive
paper of different sizes (BUEHLER abrasive paper CarbiMet 2: 1) 320/P400 PSA Back, 2)
400/P800 PSA Back, 3) 600/P1200 PSA Back) and finally with BUEHLER Polycrystalline Dia-
mond Suspension Meta Di 1 um until no more scratches were revealed under the optical mi-
croscope.

3.2.2.1 Micro Hardness Hy

The micro hardness (Hy) of sintered samples was measured by a diamond Vickers indenter
(Anton Paar MHT 10). Indentation hardness measures the resistance of a sample to local ma-
terial deformation due to a constant compression load from a sharp object!'82-183 The thor-
oughly polished and etched surface was indented using loads from 50 to 350 g. The full load
was applied for 10 s. Five measurements were performed for each load for pure MgO pellets.
Indentation was carried out 30 times for pure CeO, samples and 45 times for mixed pellets.
Seven measurements at a load of 400 Pa were performed for each molybdenum containing
pellet. The micro hardness (Hv (GPa)) was calculated by the following expression!3l:

F
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Where F (N) represents the load and 2a (um) the average length of the diagonals of the Vickers
indents. A typical indenter image is shown in Figure 17.

Figure 17: Typical indenter image with crack length (2c) and average indenter length (2a).

3.2.2.2 Fracture Toughness Kic and Young’s Modulus E

The amount of stress required to broaden an existing failure in the material (e.g. cracks or
voids) is described by the fracture toughness of a materiall'®3'84, which is calculated using
different equations depending on the type of cracks (half-penny-shaped cracks or Palmqvist
cracks (compare Figure 18)) produced by the indentation!'8¥l. The fracture toughness of mate-
rials showing half-penny-shaped cracks is calculated by equation (57)!'841:

E\04 .32
Kic = 0.067H,va (H—) ) (57)
v
While equation (58) is used in the case of Palmqvist cracks!'®4:
0.4 -1/2
c

Ky =0.018H,a (HE) ) (58)

with the micro hardness H,, the Young’s modulus E, the crack length c, and half the average
indenter diagonal a. The determination between half-penny-shaped and Palmqvist cracks is
based on the quotient of the crack length c and the indentation diagonal a. Palmqvist cracks
occur for c/a < 3.5 and half penny shaped cracks occur for c/a > 2.5[184],
The Young’s modulus E is a measure of the elasticity of a material. Reference data is taken
from the literature for the pure materials!'®; for the mixed MgO/CeO; pellets the young’s mod-
ulus calculated as a function of CeO- content, assuming a linear dependence on the amount
of CeO2 X in vol.%:

E = (Eceo, - Emgo) X+ Emgo (59)
with Young’s modulus of CeO; Eceo.: 317.7 GPal'®! and MgO Ewgo: 62.4 GPal'8el,
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Figure 18: Comparison of half-penny crack and Palmqvist crackl'87],

3.2.2.3 Birittleness B;
The brittleness index B; describes the degree of deformation a material undergoes under stress
exposure before it breaks. The brittleness index resembles the quotient of micro hardness and
fracture toughness Kicl'eel:
Hy
B K (60)

3.2.3 Pellet Microstructure

For the investigation of the microstructure the polished MgO containing pellets were etched
with a 5% NH4NO3 solution for 3 h. Therefore, the upper side of the pellet was completely
covered with a droplet of the NHsNO3z solution (Figure 19). Sintered molybdenum containing
pellets were etched with Murakami’s reagent!'®® (composition: 10 mg KsFe(CN)s, 10 mg KOH,
100 mL distilled water) for 3 min. The pellets were then washed with suprapure water and dried
at 90 °C.

Figure 19: Etching of a MgO pellet with 5% NH4NO3 solution.

3.2.3.1 Scanning Electron Microscope

The micro structure of the pellets was studied by scanning electron microscopy (SEM) utilizing
a Quanta 200F SEM from FEI company with a field emission cathode. Measurements were
carried out using low vacuum mode at 60 Pa and 10 mm working distance. The spot size was
four. Element analyses were conducted by EDS measurements with a Genesis 4000 Silicon
Drift Detector (SSD) from EDAX at 20 kV acceleration voltage. Samples were fixed on an alu-
minium specimen holder with a carbon patch for the measurements.
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3.2.3.2 Powder X-ray Diffraction Analysis

Powder X-ray diffraction is a long-range order method used to define the structure of a crys-
talline sample. The XRD patterns typically show the intensity of the Bragg reflections versus
20 (diffraction angle). X-ray diffraction analyses were performed in the range from 10 to 100°
20 at RT with the D8 Advance (6-26 geometry) and the D4 Endeavour (6—6 geometry) from
Bruker AXS GmbH. Powders were analysed as obtained, pellets on the polished surface. Res-
idues of exposure experiments were milled prior to measurements. Data analysis was carried
out with the software “Match!” from Crystal Impact (version 1.9).
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3.3 Dissolution Experiments

A dissolution set-up (Figure 20) has been installed in a fume hood and was used for all disso-
lution experiments. Dissolution experiments were conducted in a two-necked round-bottom
flask equipped with a Liebig condenser. During dissolution, the liquor was stirred using a mag-
netic bar. An oil bath was used for temperature control.

The influence of temperature, acid concentration and volume, density, and agitation rate on
the dissolution has been investigated. Nitric acid was used for all dissolution experiments. In
the case of molybdenum also ferric nitrate (Fe(NOs)s; Sigma Aldrich, ACS reagent, 298%) was
used as an additive in some cases. Typically 20 mL of acid were used per 1 g of pellet. For
each dissolution experiment the acid (and additive) was provided in the flask and the temper-
ature was adjusted, then the pellet was added.

Figure 20: Experimental set-up for dissolution experiments.

During the dissolution process 50 uL samples were taken and measured in a calibration range
of 0.1 to 100 pg/L with appropriate dilution of the analyte in 1% v/v HNO3 (suprapure) solution.
Molybdenum samples were centrifuged prior to dilution; for Magnesium samples filtration and
centrifugation was proven to be unnecessary (compare section 4.1.2.1). The measurements
were realized with the Elan 6100 DRC apparatus, developed by Perkin EImer and SCIEX. The
ICP-MS is a chemical analysis that counts the number of ions at a certain mass of the element.
The sample is introduced in the nebulizer and is converted into small droplets, which are then
carried through the spray chamber, the tube and finally into the plasma, which ionizes the
elements present in the droplets. These ions pass through the interface, are focused by the
ions lens, separated by their mass-to-charge ratio in the mass spectrometer and measured by
the detector. The measured signal intensities are converted into concentrations of each ele-
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ment (by the computerized data system). A calibration curve is generated from the measure-
ments of standards in order to compare them with the signals from unknown samples and to
determine the concentration of each metal in the sample.

The concentrations of Mo and Pu in the solution of Mo/PuO; pellet dissolution were determined
by ICP-MS (Perkin Elmer Elan 6100) after dilution in 2% HNO3 suprapure by a factor of 10,000.

241Am was determined by y-counting (Packard Cobra Auto-Gamma 5003) in samples diluted
by a factor of 100. Several samples were also measured on a HP-Ge gamma spectrometer to
convert count rates from the gamma counter to activity concentrations.

The acid concentration of aqueous solutions was determined by potentiometric titration with a
“798 MPT Titrino” from Metrohm. Titrations were carried out with 0.01 mol/L NaOH solutions.
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3.4 Speciation of Molybdenum in Nitric Acid

3.41 ALBATROS ESI-ToF

The ALBATROS ESI-ToF was developed by T. Bergmann!'®-1% and is located at the Institut
fur Radiodkologie und Strahlenschutz (IRS) within the Leibniz Universitat Hannover. Its set-up
is displayed in Figure 21. The homemade nanospray ion source was operated with spray ca-
pillaries from New Objectives Inc. (Woburn, MA, USA) with an inner tip diameter of 2 um to
which a voltage of typically 2100 V is applied to generate the electrospray. The capillaries were
filled with about 10 uL of the sample. To support a stable flow of the sample, a nitrogen pres-
sure of < 0.5 bar was applied to the rear end of the needle. The flow rate was approximately
15 pL/min.

The charged particles enter the mass spectrometer through the orifice. Nitrogen with a flow
rate of 0.5 L/min was used for the inverse flow. Between orifice and skimmer a voltage of 42 V
was applied. After passing three differential pumping stages (about 103, 10, 107 mbar) the
ions were injected orthogonally into the time-of-flight (ToF) analyser (107 mbar). The device
was operated in positive ion mode. Mass resolutions of up to m/Am = 26000 are possible.
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Figure 21: Schematic set-up of the ALBATROS ESI-ToF.['%4

3.4.1.1 Sample Preparation

Samples were prepared by dissolving isotopically pure ®Mo metal-powder or pellets in nitric
acid. The motivation for using isotopically pure molybdenum can be clearly seen in Figure 22.
On the left a part of a mass spectrum of a solution containing natural molybdenum is shown.
The right figure depicts a spectrum of isotopically pure molybdenum. Natural molybdenum has
seven isotopes (compare section 1.8.3). Thus for each molybdenum molecule we can see
several peaks (isotopic pattern) caused by the different isotopes.
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Figure 22: Part of a mass spectrum of a solution containing natural molybdenum (left) and
isotopically pure %Mo (right).

This means, that the ion counts of each species are distributed over several isotopic peaks.
The effect of applying isotopically pure molybdenum is clearly visible in the spectrum on the
right side. The whole signal intensity falls into one peak for each species. Consequently, for
the same concentrations the signal intensity increases. In the mass spectra the ion counts are
plotted as a function of the mass divided by charge ratio. The counts are plotted on a logarith-
mic scale to facilitate the visualization of minor species.

Two different acidic strengths (0.5 and 1 mol/L HNOs) were used. During the dissolution of the
Mo metal, taking about two weeks for complete dissolution, colour changes of the Mo solutions
were observed. ESI-MS measurements on the solutions obtained during the dissolution of Mo
metal were performed. Additionally, a solution containing molybdenum and iron (ratio 1:1) was
investigated. Therefore, a stock solution containing 1 mol/L Fe(NO3)3-9H,0 was prepared and
added to the molybdenum sample. Moreover, the evolution of molybdenum speciation during
the dissolution process was studied as a function of time. For this purpose, a %Mo pellet
(38 mg) was dissolved in 1 mol/L HNO3 at 60 °C and several spectra were recorded during the
dissolution.

3.4.2 Commercially Available ESI/MS/MS Instrument (QTrap)

All experiments with the commercially available ESI/MS/MS instrument (QTrap) were per-
formed at the Zentralinstitut fir Engineering, Elektronik und Analytik (ZEA-3) within the For-
schungszentrum Jilich GmbH. The aim of utilising a commercial instrument is to significantly
shorten the measurement time and allow routine measurements.

3.4.2.1 Development of a Measurement Protocol

A measuring protocol to analyse solutions of molybdenum with natural isotopic composition
with a commercially available ESI/MS/MS instrument (QTrap) was developed. Sodium molyb-
date dihydrate (Na;MoO4:2H,0) and ammonium molybdate (para) hydrate ((NH4)sM07024)
were dissolved in water and used as standard compounds; the molybdenum concentration
was 10 mmol/L.

The stability of the detected polymolybdate anions was analysed with MS/MS experiments
which were performed for the hexamolybdate (m/z 881.5) and the tetramolybdate (m/z 590).
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Additionally, the influence of the solvent acetonitrile (AcN) on the relative abundance of
polymolybdates in the molybdenum sample in 1 mol/L HNO3; was systematically investigated.
The Mo metal sample was diluted 1:100 with different AcN proportions in the solvent (0%, i.e.
deionized water, to 99% acetonitrile). Acetonitrile is used to reduce the surface tension of the
solution. The smaller the surface tension y, the easier it is to generate finer charged droplets.
Therefore, the addition of acetonitrile has the advantage of higher signal intensity. Measure-
ment of the sample was performed by direct infusion, in the negative ion mode, Q1 scan, with
an ions spray voltage (IS) of -4.5 kV or -5 kV. The measuring range was m/z 100 - 1500. Each
sample was measured at three different declustering potentials (DP): -40 V, -100 V and -175 V.
From the recorded spectra, a mean spectrum was calculated for each DP.

Analogous to the variation of the acetonitrile content at constant dilution factor, the influence
of the variation of the dilution factor (1:200, 1:100, 1:50, 1:25, 1:10) was investigated for two
solvents: water and 25% AcN. The dilutions were measured with the same measurement pa-
rameters as before. The peak areas were integrated analogue and the relative percentage for
each polyoxomolybdate of the sum of the peak areas were determined.

For the simplified semi-quantitative estimation of the relative concentrations of the polymolyb-
dates in the sample at this time only the peak area (in the selected double peak areas) can be
used. It must be assumed that (i) the spectrum represents the real distribution of polymolyb-
dates in the sample solution and (ii) all polymolybdates can be detected with the same sensi-
tivity. Regarding assumption (i) systematic studies of various dilutions are required, to charac-
terize the effect of Mo species concentration, HNO3 concentration and the solvent (acetonitrile)
on the relative molybdenum species distribution. With respect to assumption (ii) it is likely that
the electrospray ionization efficiency depends on the degree of polymerization of the Mo spe-
cies. Therefore, stable, well-characterized single standards of polymolybdates are required for
calibration. Such standards are currently not available.

3.4.2.2 Measurement Conditions

Based on the studies of optimal measurement conditions, a protocol for the routine measure-
ments was determined. Mo samples were diluted in water 1:100 and measured by direct infu-
sion in the negative ion mode at a DP of -40 V. The quantitative evaluation was performed as
before by determining the peak areas (integration) for the signals of the polyoxomolybdates.
The relative abundance of polyoxomolybdates was calculated from the ratio of each peak area
to the sum of all peak areas.

The speciation of molybdenum in nitric acid was investigated as a function of acid concentra-
tion for 0.1, 1, 2, 3, 4 and 7 mol/L HNOs. Moreover, the influence of iron(lll) on the speciation
of molybdenum in nitric acid was investigated. For this purpose, samples of molybdenum in
1 mol/L HNOs with increasing iron concentration were measured analogous to the samples
without iron in the negative mode.
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3.4.3 Raman Spectroscopy

The speciation experiments during pellet dissolution were completed by subsidiary Raman
measurements on equivalent solutions with molybdenum of natural isotopic composition. Ra-
man spectroscopy is a short-range order method, which gives information about vibrational,
rotational and other low frequency transitions between atoms. Raman spectra were recorded
on the surface of liquids in the range of 800 — 1090 cm™" with a HORIBA Jobin Yvon LabRam
HR set up with a focal length of 800 mm, equipped with a Peltier-cooled CCD-detector. For the
measurements a He-Ne laser (wavelength 632.8 nm), a grating with 1800 grooves per milli-
metre and an Olympus 100x-objective were used. Hole and slit were set to 1000 and 100 mm,
respectively. The exposition time was set to 150 s, with an accumulation of 2. To obtain higher
intensities in the interesting region additional spectra were recorded in the range of 800 —
1010 cm™ with an exposition time of 1000 s; the remaining parameters were not changed.
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3.5 Separation of Molybdenum by Thermal Treatment

As an alternative to the very complex dissolution of Mo-based IMF the separation of the matrix
material from the fuel by thermal treatment was considered. This exploits the oxidation of mo-
lybdenum in air at temperatures from 400 °C and the sublimation of the resulting MoOs sub-
limes at 800 °C.

It is expected that the volatile components of the fuel (e.g. Cs, |) are not deposited together
with the molybdenum and the remaining components of the fuel do not evaporate at these
temperatures.

An apparatus was constructed substantially of a quartz tube 15 mm inner diameter and 50 cm
length, which was placed in a horizontal SiC tube furnace. The sample (pellet or powder 10-
150 mg) to be treated was placed in a quartz boat which was positioned in the middle of the
furnace with a feed rod (Figure 23). The temperature control was performed with a thermocou-
ple set into a quartz tube. The measurement site was located immediately adjacent to the
sample boat. The apparatus was flushed with synthetic air, 1.3 L/h, to allow the oxidation of
the molybdenum. The apparatus allowed for the connection of a washing bottle or a cold trap
to catch any other components of the fuel.

The thermal behaviour of molybdenum was investigated from RT up to 1000 °C by thermogra-
vimetry (TG) coupled with differential scanning calorimetry (DSC) in air at a heating rate of
10 K/min. The measurements were performed with an apparatus from the company Netzsch,
model STA 449C Jupiter.

<~ Flowmeter

SiC tube furnace

Furnace
control

Quartz tube ——>

Figure 23: Set-up for thermal treatment of molybdenum, consisting of a quartz tube, which was placed
in a horizontal SiC tube furnace. The sample is provided in a quartz boat in the centre of
the oven.
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3.6 Extraction Experiments
The extraction of Mo, Mg, U, Am, and Eu by three different solvents was tested. The used
solvents were:
e 30% TBP in TPH (hydrogenated tetrapropene, industrial kerosene diluent), PUREX
solvent
e 0.6 mol/L DMDOHEMA in Exxsol-d80 (industrial kerosene diluent), DIAMEX solvent
e 0.2 mol/L TODGA in Exxsol-d80 (industrial kerosene diluent), TODGA-like solvent

Equal volumes of 500 L per phase were used in liquid-liquid extraction experiments. Aqueous
solutions were spiked with trace amounts of U, 2*'Am and "5?Eu, respectively.

Magnesium solutions (0.008-37.5 g/L) were prepared by dissolving a weighted amount of MgO
in 3.09 mol/L HNOs. Accordingly, the acid concentration decreased with increasing Mg con-
centration, due to partial neutralization of HNOs3, while the nitrate concentration was constant.
An overview of the Mg concentrations and the corresponding acid and nitrate concentrations
of aqueous solutions used for the extraction experiments is shown in Table 10.

Increasing weighted amounts of (NH4)sM07024-4 H20 were dissolved in 3.09 mol/L HNOj3 for
preparation of Mo solutions, keeping the nitrate concentration constant. An overview of the Mo
and the corresponding acid and nitrate concentrations is shown in Table 11.

The batch extraction experiments were performed in 2 mL glass vials in a thermostatted alu-
minium block at 22 °C and the extraction time was 15 minutes. The radioisotopes ?*'Am and
152Ey were directly analysed using a high-purity germanium spectrometer system (EG&G Or-
tec, Munich, Germany; equipped with the Gamma Vision software) without any additional sam-
ple preparation. The y-lines at 59.5 keV and 121.8 keV were examined for intensities of 2'Am
and "92Eu, respectively. The results are reported as distribution ratios D (D = [Morg)/[Mag.]),
which have an uncertainty of +5%, detection limits are 500 > D > 0.002.

Table 10: Magnesium solutions used for solvent extraction studies.
Mg concentration (g/L) Acidity (mol/L) ¢(NOs’) (mol/L)

0.008 2.89 3.09
0.081 2.84 3.09
0.784 2.67 3.09
7.85 2.37 3.09
23.6 1.23 3.09
37.5 0.01 3.09
Table 11:  Overview of the Mo concentrations and the corresponding acid concentrations.
Mo concentration (g/L) Acid- c(NOs) (mol/L)
ity(mol/L)
0.010 3.09 3.09
0.102 3.09 3.09
1.02 3.08 3.09
9.57 3.02 3.09
43.4 2.74 3.09

106.2 2.23 3.09
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Mg, Mo, and U were analysed using ICP-MS to determine the concentration of each element
in the organic and aqueous phase. The aqueous phases were diluted with 1% HNO3 (su-
prapure) to an appropriate concentration and measured directly. The organic phases were
diluted with 1% HNOs (suprapure) containing 0.2% Triton-X 100 in order to disperse the or-
ganic phase in the sample homogenously. The results are given as distribution ratios D.
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4 Results and Discussion

4.1 Magnesium Oxide as CerCer Matrix Element

Magnesium oxide pellets as well as pellets containing different amounts of CeO- (5, 10, 25,
and 40 wt.%), which serves as surrogate for PuO,, were synthesized by powder metallurgy.

4.1.1 Physical Properties and Microstructure

All fabricated pellets were thoroughly characterized by means of density measurements, micro
hardness measurements, SEM investigation, and XRD. The micro hardness, fracture tough-
ness and brittleness index of the different pellets were determined using a Vickers indenter.

4.1.1.1 Compactibility and Sinterability

MgO and mixed MgO/CeO- reference samples have been fabricated by powder metallurgy.
Therefore, a detailed compactibility and sinterability study was performed. Compaction pres-
sures between 130 and 765 MPa were applied and the pellets were sintered at 1200 to
1600 °C. The green densities (determined by geometrical method) of pure MgO and mixed
MgO/CeO: pellets of all investigated compositions are displayed in Figure 24 as a function of
the logarithm of the compaction pressure Pc. The relative green densities are plotted as a func-
tion of the logarithm of the applied pressure, as recommended in references!'®®'%l, The relative
green densities linearly increase with the logarithm of the pressure. At 765 MPa (log(P¢) =
2.88) the density of the pure MgO pellet reaches 60% of the theoretical density (3.58 g-cm™3).
The green densities of the mixed pellets show a similar dependence on the compaction pres-
sure Pc. The green density of the pure CeO; pellet increases from 52%TD at P. = 190 MPa
(log(Pc) = 2.28 MPa) to 63%TD at a compaction pressure of P.=700 MPa (log(P.) =
2.85 MPa).
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Figure 24: Relative green densities of various MgO/CeO: pellet compositions as a function of log(P).
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After compaction the pure MgO pellets were sintered for 5 h in air atmosphere at different
temperatures. The relative sintered density of the investigated pellets sintered at 1200, 1400,
1500 and 1600 °C was also plotted as a function of the logarithm of the compacting pressure
and is displayed in Figure 25. The optimal compacting pressure Pqp corresponds to the pres-
sure at the maximal value of sintered density ps. The sinterability curve at a sintering temper-
ature of 1200 °C shows a maximum at about 650 to 750 MPa (log(P.) = 2.81 - 2.88). In this
region, pellets reach densities up to 97%TD. At a sintering temperature of 1400 °C the maxi-
mum (densities up to 98%TD) of the sinterability curve is shifted to about 460 to 560 MPa
(log(Pc) = 2.66 - 2.75). A maximum of the sintered density ps occurs at about 220 to 320 MPa
(log(Pc) = 2.34 - 2.51) at a sintering temperature of 1500 °C. In this region, pellets reach den-
sities up to 99%TD. The dependence of the sintered densities at a sintering temperature of
1600 °C shows a pronounced maximum at P. = 480 MPa. The value of the maximal sintered
density in dependence on the compaction pressure varies from 95 to 99%. At P > Pq crack
formations take place in the pellets. The value of Poyt and the region of ps strongly depend on
the sintering temperature Ts (Figure 26). The highest densities are achieved at a sintering
temperature of 1500 °C. Applying compaction pressures between 130 and 765 MPa and sin-
tering temperatures between 1200 and 1600 °C sintered densities from 84 to 99%TD can be
achieved.
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Figure 25: Sintered density of MgO pellets as a function of pressing load and sintering temperature.

-

© © © o
N ®
| I
\\
\
\
\
\

o
)

Max. sintered
density (%)
[¢e]
.

©
e}

L
*
\

95 T T T T T
1100 1200 1300 1400 1500 1600

Sintering temperature (°C)

Figure 26: Maximal sintered density obtained as a function of the applied sintering temperature.



Magnesium Oxide as CerCer Matrix Element 59

The relative sintered densities of various pellet compositions (Ts = 1500 °C) are displayed in
Figure 27 as a function of the logarithm of the compaction pressure P.. Pure MgO pellets show
the highest sintered density, which decreases with increasing cerium dioxide content. The sin-
tering densities of the pure MgO pellets and of mixed pellets with CeO, contents of 10 and 40
wt.% show distinct maxima at about 320 MPa P.. The sintered density of pellets containing
25 wt.% CeO is constant in the studied region and amounts to ~ 93%TD.
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Figure 27: Relative sintered densities of various MgO/CeO: pellet compositions sintered at 1500 °C
as a function of log(Pc).

The sintered densities of pure CeO, and mixed pellets are low compared to pure MgO pellets
and do not meet the requirements for pellets representative of irradiated fuel. The production
of CeO- pellets with higher sintering densities at sintering temperatures of Ts = 1600 °C has
been reported by Bukaemskiy et al.l'® Since the highest densities were achieved at a com-
paction pressure of 320 MPa for pellets with 40 and 100 wt.% CeO; share, this pressure was
selected for comparison of the sintering temperatures. By increasing the sintering temperature
from 1500 to 1600 °C an increase in sintered density from about 90%TD to more than 95%TD
could be achieved for all pellet compositions (compare Figure 28).
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Figure 28: Comparison of the relative sintering densities (Pc = 320 MPa) of pure and mixed MgO pel-
lets sintered at 1500 °C and 1600 °C as a function of the CeO: content.
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Figure 29: Photographs of pellets of different compositions: a) pure MgO, b) 90/10 wt.% MgO/CeOz2,
c) 75/25 wt.% MgO/CeOz, d) 60/40 wt.% MgO/CeO2 and e) pure CeOx.

Photographs of MgO, CeO- and mixed MgO/CeO; pellets are shown in Figure 29. All pellets
were sintered at 1600 °C; the MgO pellet was pressed at 190 MPa and the pure CeO; pellet
and the mixed pellets were pressed at 320 MPa. The pure MgO pellet exhibits a white, the
pure CeO: pellet an orange-brown colour. All sintered mixed pellets are light yellow coloured;
after polishing grey-green discolorations are revealed in the inner part of the pellet. The amount
of discolorations, which increases with increasing CeO- content, might originate in the conver-
sion of cerium (IV) to cerium (l1l), which is yellow-green in colour"®”, during sintering. This
could be excluded by XRD measurements, showing CeO: only (compare Figure 30). XRD
measurements were performed for all pellet compositions, the XRD pattern of the pellet with
the highest CeO. content is shown exemplarily. An overview of pellets used for dissolution
experiments and the corresponding compacting and sintering parameters is given in Table 12.
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Figure 30: XRD pattern of a mixed MgO/CeO: pellets containing 40 wt.% CeOo.

Table 12:  Overview of pellets used for dissolution experiments and corresponding compacting and
sintering parameters. The respective pellets are highlighted in Figure 25.

Compaction Sintering Density Mass
Pellet pressure (MPa) temperature (°C) (%TD) (9)
MgO-1 190 1600 96 0.5
MgO-2 450 1600 99 0.7
MgO-3 130 1200 85 0.7
MgO-4 190 1400 90 0.7
MgO-5 640 1200 96 0.7
MgO-6 255 1500 99 0.7

MgO/CeO; (60/40 wt.%) 320 1600 98 0.5
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4.1.1.2 Micro Hardness

The micro hardness Hy of two MgO pellets (MgO-1, ps=96%TD, Ts= 1600 °C, P = 190 MPa
and MgO-2, ps=99%TD, Ts = 1600 °C, P = 450 MPa; compare Table 12) was analysed ex-
emplarily by a diamond Vickers indenter. The micro hardness measures the resistance of a
sample to material deformation due to a constant compression load from a sharp object. A
typical Vickers indenter photograph is presented in Figure 31.

For the determination of the optimal load, the dependence of the micro hardness of the pellet
MgO-2 (ps = 99%TD) as a function of the applied load was investigated. The values of Hy
drastically decrease with increasing load from 50 to 200 g as depicted in Figure 32. At higher
loads Hy slightly decreases but is nearly constant within the uncertainty range.

Figure 31: Photograph of a typical Vickers indent on magnesium oxide.
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Figure 32: Micro hardness Hy (GPa) of MgO-2 pellet ps=99%TD (Ts = 1600 °C, Pc = 450 MPa) as a
function of the load of the Vickers indenter. The pictures at the top show light microscope
pictures of the Vickers indent at different loads (magnification x50).
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At a load of 50 g the resulting indent is quite small which leads to a large uncertainty; at a load
of 400 g the surrounding structure is damaged. As the value of the experimental uncertainty is
minimal at F = 200 g this load was selected to measure the samples 15 times each, leading to
the following results:

e MgO-1, Ts =1600 °C, Pc =450 MPa, ps =96%TD: Hy = 5.2 + 0.4 GPa

e MgO-2, Ts =1600 °C, Pc =450 MPa, ps =99%TD: Hy = 5.3 + 0.4 GPa
The micro hardness for both samples is consistent within the uncertainty range.
The dependence of the micro hardness H, of mixed MgO/CeO, pellets (Ts= 1500 °C, Pc =320
MPa) on the CeO. amount in vol.% is shown in Figure 33. The micro hardness linearly in-

creases with increasing CeO:z content. The experimental uncertainties of the micro hardness
of the mixed pellets are larger compared to those of the pure pellets.
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Figure 33: Micro hardness of mixed MgO/CeO: pellets (Ts = 1500 °C, Pc = 320 MPa) as a function of
CeO:2 content. For comparison reference data is added for MgO!'%8l and Ce O[5,

This phenomenon was investigated in detail on the basis of the micro hardness distribution of
both pure and one mixed pellet. Figure 34 compares the micro hardness distribution of the
investigated pellets. The H, distribution reveals two maxima, which correspond to the pure
oxides. The micro hardness of the pure MgO pellet is 6.61 + 0.37 GPa and that of the pure
CeO; pellet is 6.96 + 0.26 GPa. The average micro hardness’ of pure MgO (green vertical
dashed line) and of pure CeO: (red vertical dashed line) are highlighted. For the mixed pellets
the measured values are not symmetrically distributed. The distribution for the pellet with
10 wt.% CeO: share can be described as the sum of two symmetrical average distributions
with maxima at ~ 6.5 GPa and ~ 7 GPa, which corresponds to the micro harnesses of pure
MgO and pure CeO.. Since the CeO; distribution in the pellets is inhomogeneous and MgO
and CeO: rich regions exist in the pellet it can be assumed that one curve corresponds to the
indentation of a magnesia rich region and one to the indentation of a ceria rich region. The
expression of the maxima corresponds to the ratio of magnesia rich to ceria rich regions.
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Figure 34: Comparison of the micro hardness distribution of pellets containing different amounts of

CeO:a.

For the pellet containing 40 wt.% CeO- the first maximum decreases while the second manxi-
mum increases; this corresponds to the MgO-CeO; ratio. This existence of two separate
curves increases the experimental uncertainties for the mixed pellets. The described distribu-
tion is not reflected by the plot of the pellet containing 25 wt.% CeO,. The second maximum is
much higher than the first, although the major part of the pellet consists of MgO which may be
due to poor statistics or insufficient mixing. Table 13 summarizes the determined micro hard-
ness for the pellets under investigation and the experimental uncertainties.

Table 13:  Micro hardness and experimental uncertainties for different pellet compositions.

MgO/CeO; (wt.%) Hy (GPa) Experimental uncertainty (GPa)
100/0 6.6 +0.36
90/10 6.66 +0.46
75125 6.79 +0.41
60/40 6.71 +0.32
0/100 6.96 +0.26

4.1.1.3 Fracture Toughness and Brittleness Index

Depending on the type of crack the fracture toughness is calculated by two different equations
(compare chapter 3.2.2). Therefore, c/a ratios for the different pellets were calculated and are
summarized in Table 14.

Table 14:  c/a ratio (c: crack length, a: indentation diagonal) of indentation zones of the different in-
vestigated pellets. c/a ratios < 3.5 indicate a Palmqvist type crack.

MgO/CeO; (wt.%) cla Crack type
90/10 0.975 Palmqvist
75125 0.808 Palmqvist
60/40 0.842 Palmqvist

0/100 1.603 Palmqvist
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All cracks are of the Palmqvist type which is confirmed by the SEM images of the polished
samples (Figure 35). As illustrated by the schematic drawing, the pellet surface is raised at the
rim of the indenter zone during the indentation procedure and this elevation is removed by the
polishing. Therefore, the crack cannot be observed any longer in the near surrounding of the
indentation zone. This effect is visible on the investigated pellets (compare Figure 35).

(SEM). CeOz, Pc = 320 MPa, Ts = 1600 °C.

The fracture toughness Kic of mixed MgO/CeO:. pellets is displayed in Figure 36 as a function
of the CeO- share. Both pure materials are brittle materials with low fracture toughness (MgO:
1.38 MPa-m®5 and CeO,: 1.02 MPa-m®%). The mixed materials show higher fracture tough-
ness. The cause might be that the small CeO- grains lead to the inhibition of the cracks and
prevent their proliferation. The determined values for the pure materials are in good agreement
with the literaturel'® %%, Reference data for mixed samples was not available.

1.8 1 @ this work

B Bukaemskiy et al.
Stollberg et al.

N
(o]
L

-
~
&

Kic (MPa*m?®5)
o

N
o

0.8 - T T T T T
0 20 40 60 80 100
CeO, content (vol.%)

Figure 36: Fracture toughness Kic of mixed MgO/CeO: pellets (Ts = 1500 °C, Pc = 320 MPa) as a
function of CeOz2 content in vol.%. Reference data is added for MgO!'99 and CeOal"85l.

The brittleness indices were calculated using equation (60) and are shown in Figure 37 as a
function of the CeO: content. In correlation with the results for the fracture toughness; starting
from pure MgO (Bi: 4.8 mm™%) the brittleness index decreases with increasing CeOy, the brit-
tleness index of CeO; is significantly higher (Bi: 6.8 mm3%). The value determined for CeO is
in good agreement with the literature.l'8s! Overall the pure oxides are more brittle than the
mixed oxides.
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Figure 37: Pellet brittleness indices Bi of mixed MgO/CeO: pellets (Ts = 1500 °C, Pc = 320 MPa) as a
function of the CeO2 content in vol.%. Reference data is added for CeQ2!"85],

4.1.1.4 Scanning Electron Microscopy Investigation

The microstructure of two pure MgO pellets ps=96%TD (MgO-1, Ts=1600 °C, P = 190 MPa)
and ps =99%TD (MgO-2, Ts = 1600 °C, P = 450 MPa) was analysed using SEM. The less
dense pellet (MgO-1) shows high porosity (Figure 38, a): inter and intra granular porosity (di-
ameter of pores dp< 1um), pores at grain boundaries and at triple points. The denser pellet
(MgO-2, Figure 38, b) shows well-formed grains and grain boundaries. The quantity of pores
is insignificant compared to the less dense pellet. The denser pellet (MgO-2) shows a lower
quantity of intra granular porosity and the pores are smaller, the porosity is concentrated at the
grain boundaries and triple points. The grains show different shades (grey, dark grey & white)
but EDX analyses just show pure MgO (compare Figure 39, Table 15). As shown in Table 15
there is no significant chemical differences between the different shades of white, grey and
dark grey. The different shades of the grains are caused by different crystal orientations.

Figure 38: Comparison of the microstructure of samples less dense pellet (MgO-1, 96%TD, a) and a
denser pellet (MgO-2, 99%TD, b).
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Figure 39: EDX analysis of the magnesium oxide pellet surface.

Table 15: EDX analysis on of grains of the MgO pellet with different colour.
O (at.%) Mg (at.%)

white 52.82 47.18
dark grey 52.89 471
grey 52.65 47.35
b3 52.78 47.22

Je— e p—

Figure 40: Representative surface of a MgO pellet ps=99%TD (Mg-2, Ts=1600 °C, P =450 MPa).

The average grain size was determined for the denser pellet (ps = 98.9%TD). Minimal and
maximal size were measured for 217 grains (Figure 40). The grain size distribution is displayed
in Figure 41 (left). The average grain size Da, amounts to 15.3 + 6.0 ym, the rate of sphere
Dmax/Dmin to 1.4 £ 0.4 um. The number of sides of the grains n was determined for 120 grains.

The number of sides’ distribution is displayed in Figure 41 (right). The mean number of sides
equals 5.
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Figure 41: Grain size distribution (left) and grain morphology distribution (right) of a MgO pellet ps =
98.9%TD (Ts= 1600 °C, Pc = 450 MPa).

The representative SEM images of pellet surface of MgO pellets containing different amounts
of CeO; are presented in Figure 42 after polishing and chemical etching. Well-developed
grains and grain boundaries are visible in the case of pure CeO; pellets, but the porosity is
very high and the size of the pores is larger compared to the pure MgO pellets (Figure 40),
pores are located inside the grains as well as at the grain boundaries and the triple points. The
different levels of grey are due to different crystal orientations as described above.

All mixed pellets show well-formed grains and well defined grain boundaries as well as a small
amount of pores including few spherical pores. The pellets consist of lighter and darker regions
on which EDS measurements were performed (Figure 43). The EDS spectrum of the darker
grain shows only magnesium peaks (Magnesium K-Lines), whereas the spectrum of the lighter
grain shows mainly the L-lines of CeO.. However, the magnesium K-lines also appear in the
spectrum, because the depth of the measuring range of the EDS is higher than the depth of
the CeOz2 grain, MgO which is located below the CeO: grain is also detected as demonstrated
in Figure 44. The distribution of the two phases in the pellet is similar as for the CerCer pellets
fabricated at ITU, in which actinides in yttria-stabilized zirconia particles are dispersed in a
MgO matrix.!

The sizes of the CeO, grains in the mixed pellets range from 1 ym to 100 ym similar to the
MgO grains. The mixed pellets show three distinct regions: 1) CeOz rich regions, 2) MgO rich
regions and 3) mixed regions with small homogeneously distributed CeO, and MgO particles.
The amount of CeO; in the mixed regions increases with increasing CeO- content but pure
MgO regions do also exist in pellets containing 40 wt.% CeO, (Figure 42). All pellet composi-
tions were investigated in detail, but the results for pellets containing 10 wt.% are presented
here exemplarily.



68 Results and Discussion

[— — ' 4 2 ‘ [e— 4

Figure 42: SEM images of pellet surfaces MgO containing: a) 10 wt.% CeOz, b) 25 wt.% CeOz, c)
40 wt.% CeOz, and d) pure CeOa2. All pellets were polished and etched with ammonium
nitrate solution for 3 h.

Cel

Figure 43: EDS measurement of MgO and CeO: rich regions.

The CeO; rich regions mainly consist of large pure CeO; grains, which were formed from large
CeO: particles during sintering. The small CeO: grains (~ 1 um) are located mainly distributed
alongside the MgO grains with a characteristic size of ~ 10 ym. Presumably the calcined and
hand milled MgO powder consists of some amount of porous agglomerate with a characteristic
pore-size of 1 um into which small CeO- particles penetrated in the process of mixing. The
pellets consist mainly of well mixed regions and the amount of CeO, and MgO rich regions is
low as evident from Figure 42. This is the consequence of an appropriate powder mixing pro-
cedure. It should be especially noted that the two phases (MgO and CeQ3) are well connected
(Figure 45).
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Figure 44: Comparison of measuring range of the EDS and a CeO: grain.

Figure 45: Etched surface of pellet with 10 wt.% CeOz2 share at two different magnifications.

4.1.2 Dissolution Behaviour

The dissolution behaviour of these pellets was studied in macroscopic experiments as a func-
tion of acid concentration and volume, temperature and stirring velocity. Additionally, the dis-
solution process of MgO was investigated following a microscopic approach on the basis of
SEM.

4.1.2.1 Mechanism of MgO Dissolution

The chemical dissolution mechanism of six MgO pellets was investigated by reaction with
2.5 mol/L HNO; at 30 °C with reaction times of 0, 0.5, 2, 3.5, 8 and 15 h respectively. The
remaining solid was carefully washed with water and 2-propanol and dried at 90 °C for SEM
investigation. Figure 46 displays the magnesium ion concentration as a function of the reaction
time in 2.5 mol/L HNO3 at 30 °C. In order to avoid particles that may have been removed during
sampling, the solution was filtered with a PVDF syringe filter unit (0.22 ym, Millex-GV). Each
solution was measured once with and once without filtration. At the beginning of the experiment
the concentration of the Mg?* strongly increases and then levels off after about five hours re-
action time. The measurements show no systematic difference between the filtered and the
unfiltered samples.
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Figure 46: Mg?* concentration as a function of the reaction time for dissolution of MgO pellets in 10
mL of 2.5 mol/L HNOs at 30 °C.

According to the literature the dissolution of magnesium oxide may be described by the follow-
ing reaction(®4:

MgO + 2H* — Mg?* + H,0 (61)
Assuming that this equation describes the dissolution reaction correctly, the theoretically re-
quired proton consumption for the dissolution of MgO at the different reaction times can be
calculated from the results of the ICP-MS measurements:

n(H")=2-n(Mg?* ) (62)
with the proton concentration n(H*) at the time t and the Mg?* concentration n(Mg?*) at the
time t. Two protons are required to dissolve one equivalent of MgO. Figure 47 shows the
measured release rate of Mg?* in mol/h (squared symbols) as a function of the reaction time.
Additionally, the calculated amount of protons required for the dissolution of the MgO (open
circles) is displayed. For comparison the proton release rate measured by titration is shown as
filled circles. The comparison of the calculated and the measured proton consumption rates
show good agreement. At the beginning of the experiment the consumption rate of protons
increases until a reaction time of 5 h. For longer reaction times a decrease of the proton con-
sumption rate is observed. In correlation, Mg?* release rate increases for short reaction times
and then decreases. At the investigated conditions (2.5 mol/L HNO3, 30 °C) an MgO pellet
dissolved completely within about 20 h.
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Figure 47: Temporal evolution of the Mg?* release rate during dissolution of a MgO pellet (MgO-1,
500 mg, 10 mL 2.5 mol/L HNOs, 30 °C) compared to the calculated and the measured H*
consumption rates.

However, a literature review has pointed out a brucite-like (Mg(OH).) layer formation at the
periclase (MgO) surface during the dissolution. The dissolution of MgO has been investigated
by various authors!®-%. 92-%41 "including determination of dissolution rates, morphology evalua-
tion and chemical reaction. In the majority of these studies MgO powder was used. According
to Segall et al.®% the important factors for the determination of the dissolution kinetics of MgO
are atomic surface detail, surface morphology, and bond strength for the solid and diffusion,
pH, and electrolyte concentration for the solution. At low pH (2-5) MgO (periclase) dissolves in
HNO; by first forming a brucite-like (Mg(OH).) layer on the surface.® %2 A two-step protonation
of periclase is introduced by Wogelius et al.®? and Fedorockova et al.®¥. Vermilyea et al.®?,
Wogelius et al.l®?, Segall et al.?°”, and Fedorockova et al.l®¥ propose the second protonation
step is rate determining.

An XRD analysis of sintered MgO powder (compare Figure 48) after reaction with 2 mol/L
HNOs for 2 h, which was washed with 2-propanol and dried, also shows the presence of a
brucite phase in addition to the periclase at these conditions (pHini = 0.3).

Based on these results as well as the preceding studies the dissolution of MgO in nitric acid
should be more precisely described by

MgO + H* — Mg*-OH (63)
Mg*-OH + H* — Mg?* + H,0O (64)
In a first fast step, surface oxygen is protonated whereby a brucite-like layer is formed (equa-
tion (63)) followed by a second slower, rate-limiting step of detachment of Mg from this brucite-
like structure (equation (64)). The formation of a brucite or brucite-like layer on the periclase
surface during dissolution explains why the dissolution rates of brucite and periclase are iden-
tical in the acidic pH region.[®2
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Figure 48: XRD pattern of MgO powder residue after reaction with 2 mol/L HNO3s (pHini = 0.3) at RT
for 2 h, which was washed with 2-propanol and dried.

4.1.2.2 Temperature Dependence
At PUREX conditions UO: is dissolved in 7 mol/L nitric acid under reflux. At these conditions
MA and plutonium contained in conventional spent fuel also dissolve.

Since the aim of this work is to evaluate conditions at which the matrix material can be selec-
tively dissolved, the temperature dependence of the dissolution rate of MgO pellets (MgO-1,
compare Table 12) in 7 mol/L nitric acid was investigated. The dissolution velocity of MgO in 7
mol/L HNOj3 is strongly dependent on the temperature as demonstrated in Figure 49.
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Figure 49: Dissolution of MgO pellets (0.5 g) in 7 mol/L HNOg3 (10 mL) at various temperatures.
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The dissolution experiments were compared by plotting average dissolution rate (mg-min-').
Typically dissolution rates are compared by plotting as a function of time. However, since the
examined conditions lead to very diverse dissolution velocities the amount of pellet dissolved
(%) is plotted instead for a clearer visualization of the results!'”®.. The average dissolution rate
was calculated by equation (65) and percentage dissolution by equation (66).

= O (65)
. 100Mg)V, (©6)
m

Where ayg is the average dissolution rate of magnesium (mg/min), [Mg] is the magnesium
concentration (g/L), Vi is the volume at the time of sampling (mL), t is time (min), P is the
percentage of pellet dissolved (%) and m is the mass of magnesium in the pellet (mg). The
dissolution rates awg of MgO pellets in 7 mol/L nitric acid at different temperatures are illus-
trated in Figure 50. In addition to the calculation of the dissolution rates as described above,
dissolution rates were derived by the initial rate method. Therefore, the mass of the dissolved
magnesium is plotted as a function of time. The slope of the fit to the linear first part of the
dissolution curve (compare Figure 51) is equal to the dissolution rate.
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Figure 50: Average dissolution rates amg of MgO pellets (0.5 g) in 7 mol/L HNOs (10 mL) at various
temperatures. P is percentage of pellet dissolved (%).
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Figure 51: Dissolution of MgO (0.5 g) in 7 mol/L HNO3 at different temperatures.
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The temperature dependence of dissolution rates is typically expressed using Arrhenius law
(compare section 1.7, page 15, equation (11)). The label “apparent” is used to distinguish it
from the classical activation energy of an elemental reaction, because several elemental reac-
tions might be involved in determining Eapp.2°" The activation energy can be determined by
plotting the rate constant as a function of 1/T. Here, In (rate) (instead of In (rate constant)) is
plotted versus 1/T. The Arrhenius plot of dissolution rates of MgO in pure MgO pellets in nitric
acid of different concentrations is displayed in Figure 52.
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Figure 52: Arrhenius plot of dissolution rates of MgO pellets in nitric acid of different concentrations.
The dashed line represents an alternative interpretation of the Arrhenius involving a change
of dissolution mechanism with temperature.

In case of transport controlled dissolution, the activation energy would be equal to diffusion.2%?
In aqueous medium activation energies of about 20 kJ/mol should be expected. A surface con-
trolled dissolution is indicated by appreciably higher activation energies.?% An activation en-
ergy of 60 + 12 kJ/mol has been reported for brucite (Mg(OH)2)?%. The obtained activation
energies for dissolution of magnesia in nitric acid of different concentration show no clear trend
but vary in the range from 40 to 60 kJ/mol. However, the activation energies indicate a surface
controlled dissolution and are in agreement with activation energy of brucite reported by Jordan
and Ramsey.?% An alternative interpretation of the Arrhenius plot based on the outliers at
60 °C suggests a change of dissolution mechanism with temperature as indicated by the grey
dotted lines which correspond to a surface controlled dissolution at room temperature and a
transport controlled dissolution at elevated temperatures. The amount of data is insufficient to
determine the temperature at which the mechanism changes.

Table 16:  Activation energies of MgO dissolution at different HNO3 concentrations.

¢(HNO3) (moliL) Ea app (kdJ/mol)
2 57.6
25 40.0
3 49.0
4 60.4

7 53.0
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4.1.2.3 Acid Concentration Dependence

The acid concentration dependence of the MgO dissolution was investigated in the range of 2
to 7 mol/L nitric acid. The comparison of the dissolution rates as a function of acid concentra-
tion at different temperatures (Figure 53) shows that the dissolution rate of magnesium oxide
is strongly dependent on the dissolution temperature as discussed above, while the acid con-
centration has hardly any effect in the range of 2 to 7 mol/L. The calculated average dissolution
rates (triangles) and the dissolution rates derived from the initial rate method (diamonds) agree
within the error limits. These results are in agreement with preceding studies on acid-induced
MgO dissolution. For instance, Suarez and Compton® found that at concentrations of HCI
between 0.01 and 0.1 mol/L changes little, while Guspiel and Riesenkampfl2®! found that the
dissolution of MgO was constant at concentrations of H.SO4 between 0.1 and 2 mol/L, and
Jones et al.[2%52% report the dissolution of (100) MgO surfaces was independent of pH in the
range 2.0-3.5. Although these pH ranges do not correspond to the range investigated here,
the trends are in agreement. The dissolution rates of magnesia as a function of the acid volume
are depicted in Figure 54 for two different temperatures. The acid volume does not influence
the dissolution rate despite the proton consumption. This is in agreement with the observation
that the dissolution rate is independent of the acid concentration.
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Figure 53: Comparison of the dissolution rates of MgO at different temperatures as a function of acid
concentration. Dissolution rates were determined by the initial rate method (triangle sym-
bols) or correspond to the average dissolution rate (diamond symbols).
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Figure 54: Dissolution rates of MgO in 7 mol/L HNOs as a function of the acid volume for different
temperatures.
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4.1.2.4 Influence of Agitation Velocity

To further investigate whether the MgO dissolution is controlled by surface reaction or by
transport the dissolution experiments were performed at varying agitation rates. Figure 55 dis-
plays the average dissolution rate of magnesia as a function of the agitation velocity for three
different temperatures. The dissolution rate is independent of the agitation velocity within the
uncertainty range, which indicates a surface controlled dissolution mechanism. The diffusion
of protons to the pellet boundary layer and the diffusion of the dissolved magnesium ions out
of this layer is fast compared to the dissolution reaction. These observations are in accordance
with the observations from literature [0 93 200 and are further supported by the etch pits which
were observed at the pellet surface during dissolution. According to Brantley et al.® etch pit
formation at the pellet surface indicates a surface controlled mechanism.
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Figure 55: Dissolution rates of MgO in 7 mol/L HNOj3 as a function of the agitation velocity for different
temperatures.

4.1.2.5 Density Dependence

The density dependence of the dissolution is relevant for the dissolution of irradiated transmu-
tation targets because a higher burn-up results in higher target porosity due to the helium
generation. Helium is mostly produced from the a-decay of TRU. Additionally, helium can be
produced as a direct fission product in ternary fission.['™! The decisive role of helium on swelling
of composite targets was demonstrated in the EFTTRA-T4, T4bis, and Ecrix-H experiments.#°!
The impact of fast neutron irradiation on thermophysical properties of inert materials were in-
vestigated in the context of the MATINA experiment.2”! During irradiation the density of MgO
pellets decreased from 96.6%TD to 93.6%TD due to the formation and segregation of loops.
The dissolution rates of four pellets with different densities (MgO-3 to MgO-6, 85, 90, 96, and
99%TD; compare Table 12) are compared in Figure 56. The dissolution rates of the pellets
with densities below 96%TD are very similar whereas the dissolution velocity at a pellet density
of 99% is significantly smaller.
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Figure 56: Average dissolution rates amg of MgO pellets (MgO-3 to MgO-6, 0.7 g) of different densities
(84 — 99%TD) in 4 mol/L nitric acid (14 mL) at 90 °C as a function of the amount of pellet
dissolved (%).

This difference in dissolution rate is caused by the different microstructures of pellets with dif-
ferent densities. The microstructure of two pellets (96 and 99%TD) was analysed in detail by
SEM and is shown in Figure 38, section 4.1.1.4, page 65. Both pellets were sintered at
1600 °C. The less dense pellet was pressed at 190 MPa and has a density of 96%TD, and
shows a lot of pores (Figure 38, left): inter and intra granular porosity (diameter of pores dy<
1 um), pores at grain boundaries and at triple points. The denser pellet (Figure 38, right) was
compacted at 450 MPa and its density amounts to 99%TD. The quantity of intra granular po-
rosity is less and the pores are smaller, the porosity is concentrated at the grain boundaries
and triple points. The decreased porosity is equivalent to a smaller surface, which leads to a
slower dissolution.

4.1.2.6 Evolution of the Pellet Surface

The surface or microstructure plays a key role in dissolution® 2% and hence, the dissolution
rate is usually normalized to the surface area to allow comparability with other samples with
different microstructure or geometry. Therefore, the changes of the surface during dissolution
are important to calculate the dissolution rate of a solid in a certain solvent. Changes in surface
area depend on the solute and the dissolution conditions (e.g. temperature or pH). The disso-
lution rate is defined as change of dissolved solute concentration dc per time normalized to the
surface area A and is given by equation (7) (compare page 15)3.

In situ microscopic observation of the dissolution would be necessary to derive the true reactive
surface area, but is beyond the scope this study. However, the evolution of the pellet surface
during dissolution in 2.5 mol/L HNOs at 30 °C was investigated with scanning electron micros-
copy (SEM) in detail. The microstructure of the original (not polished, not etched and not re-
acted with acid) pellet is depicted in Figure 57. Because the surface of the pellet was not
polished or etched the grain boundaries appear deep and no statements can be made about
porosity and connection of grains, but this has been examined in section 4.1.1.
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Figure 57: SEM image of the starting MgO pellet, pressed at 190 MPa and sintered at 1600 °C. The

different colours represent different shapes of the grains round (yellow), rectangular
(green), pentagonal (purple), and hexagonal (blue).

The grains are different in size (1-15 um) and shape. They are e.g. mainly round (yellow),
rectangular (green), pentagonal (purple), or hexagonal (blue). During sintering the larger grains
grow at the expense of the smaller ones. Dihedral angles of 120° are formed at the contact
point of three grains, since, in equilibrium, the grain boundary energies are the same and the
balance is maintained. Planar interfaces can therefore only arise if the grains have six sides in
the cross-section, but this depends in turn on the number of the next neighbors. If the number
of sides is less than six, convexly curved grain boundaries form. If it is larger, concave grain
boundaries are formed, as viewed from the interior of the grain. But since concave surfaces
have a higher interfacial energy than convex ones and the state of lowest energy is always
aspired, the grain boundaries will move in the direction of the centers of the radii of curvature,
and thus to the centers of the smaller grains. Terrace and spiral structures are found on some
of the grain surfaces (red arrows). During the first sintering stage an approximation to the en-
ergetically most favorable state takes place on a free surface by surface diffusion as well as
evaporation and condensation. On the one hand, the grain strives to form a round shape under
the surface tension when the grain boundary is narrowed in, on the other hand, a crystallo-
graphic boundary surface is formed by selective evaporation and deposition. Spiral growth is
made possible by a screw displacement, which again and again generates new semi-crystal
layers and thus stimulates continuous growth through continuous step formation. Crystalline
growth is described in the framework of the Kossel-Stranski theory by electrostatic interactions
at the surface. The core statement of the theory is that ions are deposited on a crystal surface
exactly where the highest energy gain is to be expected.?%®

The structure of the pellet (grains and grain boundaries) can still be identified after reaction
with 2.5 mol/L HNOs at 30 °C for 0.5 h (compare Figure 58), but a heterogeneous surface was
found, which can be divided into three parts: smooth areas (1), rough areas (2), and holes (3).
Smooth and rough areas are present in similar quantity. Circular and triangular etch pits are
observed in the smooth areas. Moreover, the smooth areas contain steps. The diverse devel-
opment of the surface of different grains can probably be attributed to heterogeneous crystal
orientations. This is in agreement with the observation by Suarez and Compton!® within an
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atomic force microscopy study, where the different surfaces of MgO crystal (100), (110), and
(111) dissolve in hydrochloric acid via heterogeneous etch patterns. There the (100) plane
shows circular and square shaped etch pits, the (110) plane evolves ridges and the (111) plane
triangular etch pits. The (100) plane is postulated to be the most stable.® In our study, the
holes are located mainly at the triple points, have five to six corners, and are approximately
equal in diameter. These observations indicate a dissolution starting at the triple points, where
the density of defect is the largest?'®-2'"l. The rough areas of the surface contain crenulations
which stick out of the surface with different orientations e.g. perpendicular, horizontal or
skewed. The tips of the crenulations appear brighter than the rest of the surface, which may
be due either to surface charging or to another elementary composition. This might be the
Mg(OH)z, which forms on the surface during the dissolution (compare section 4.1.2.1). The
crenulations may result from the formation of innumerable triangular etch pits as described by
Suarez and Compton for the (111) surface.®3

30 °C.

After a reaction time of 2 h (compare Figure 59) the amount of grains with crenulations has
decreased dramatically. In contrast, more smooth grains and grains with ridges are observed.
According to Suarez and Compton the parallel ridges can be attributed to the (110) surface®,
while the smooth grains probably correspond to the (100) surface since it is known to be most
stable.[®® 212213 The size of the holes increased and circular etch pits can be observed in all
grains.

¥

Figure 59: Surface topography of a Mgb pellet after réa‘ction in 10 mL of 2.5 mol/L HNOs at 30 °C.
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The further microstructural investigations of MgO pellets showed a heterogeneous develop-
ment of the pellet surface. Figure 60 shows the Surface topography of a MgO pellet after 3.5 h
reaction in 10 mL 2.5 mol/L nitric acid at 30 °C. Significant differences between the outer and
the inner part of the pellet can be observed. The amount of the rough areas decreased ex-
tremely and the amount and size of the holes increased. The outer part reveals a considerably
higher amount of holes than the inner part. At the edge the surface is exposed to the acid at
two instead of one side which might lead to a faster dissolution of the MgO. Moreover, a higher
pressure is applied to the pellet centre during the pressing procedure, which leads to a higher
density in the inner part of the pellet.?' While grains and grain boundaries are still visible in
the inner part of the pellet, the amount of holes and solid parts are approximately equal in the
outer region and therefore, the original microstructure is not visible any longer. Mainly smooth
areas of the pellet surface can be observed. Some residual rough parts can also be seen. This
indicates that the rough areas dissolve faster than the smooth areas. The smooth areas still
show steps in the inner part (Figure 60, right), but no clear statement can be made about the
outer part (Figure 60, left). At none of the grains crenulations are observed anymore, but a
zigzag structure appeared in the inner part (Figure 60, right). In both parts of the pellet circular
etch pits can be identified. The remaining solid parts in the outer region of the pellet are con-
nected by “bridges”, which could explain that the pellet structure is retained and does not fall
apart during dissolution. Different levels of height in the pellet can be identified, indicating that
the dissolution has proceeded into the pellet. The pellet dissolves inhomogeneously but a pel-
let structure remains until complete dissolution, as opposed to a pulverization.
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Figure 60: Surface topography of a MgO pellet after 3.5 h reaction in 10 mL 2.5 mol/L nitric acid at
30 °C (middle); zoom to the outer (left) and the inner (right) part of the pellet.

4.1.2.7 Surface Normalization of the Dissolution Rate

Based on the SEM images a model to describe the changes in pellet surface area in the pro-
gress of dissolution was developed. The geometrical surface area of the pellets was calculated
from the diameter and height of the remaining pellets, which were determined from photo-
graphs taken with a camera containing a benchmark using the program ImageJ 1.47v. With
this program, the number of pixels in a certain distance can be determined and related to the
actual length with the help of the benchmark. Each parameter was averaged over ten values.

Considering the macroscopic shape of the pellets a significant change cannot be observed
within the first 0.5 h of the dissolution. The pellet surface is rough after a reaction time of 5 h
and the outer part of the pellet is thinner than the inner. At a reaction time of 8 h one of the
dents developed to a u-like opening at the rim. Nevertheless, the macroscopic decrease of the
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pellet during dissolution can be described in a first approach by a model assuming that the
pellets dissolve homogeneously in all directions and retain a cylindrical geometry during the
entire dissolution process. The geometrical surface of the pellets Ageom Was calculated by:

Ageom = 21r(r+h) (67)
with the radius r and the height h of the pellet. Table 17 summarizes the radius and height, the
geometrical surface, and the mass of the remaining pellets. The development of the geomet-
rical surface area as a function of the reaction time is displayed in Figure 61.

Table 17:  Evolution of the pellet surface with increasing reaction time.

Reaction Diameter Height Geometrical Pellet
time (h) (cm) (cm) surface (cm?) mass (g)
0 0.81 0.37 1.98 0.487
0.5 0.82 0.31 1.86 0.482
2 0.79 0.28 1.68 0.414
3.5 0.8 0.21 1.53 0.290
0.7 0.19 1.19 0.195
8 0.6 0.09 0.74 0.0526
15 0.38 0.04 0.27 0.0045
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Figure 61: Change of the geometrical pellet surface as a function of the pellet mass. Experimental
values were obtained by evaluation of photographs of pellet dissolved in 2.5 mol/L HNO3
at 30 °C utilizing the program ImageJ.

The developed model is confirmed by comparing the calculated geometrical surface areas to
a theoretical calculation, which assumes a uniform decrease of the height and the diameter in
10 pm intervals:

Mpelier=hpTTT? (68)
with the mass of the pellet myeier, the height of the pellets h, the density of MgO p and the

radius of the pellet r. The surface of the pellets was calculated with equation (67) the initial
values were obtained by measurement of an unreacted MgO pellet. Figure 61 compares the
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calculated and measured surface areas as a function of the pellet mass, which are good agree-
ment, although the measured values are slightly higher. This is caused by the fact, that the
model does not consider the increasing porosity of the pellet.

The geometrical surface-normalized dissolution rates of MgO were calculated using equation
(7) with the geometrical surface areas obtained by the model calculation and the Mg?* concen-
trations measured by ICP-MS. The results are depicted in Figure 62 in diamond symbols. The
geometrical surface area normalized dissolution rate increases in the beginning of the experi-
ment an reaches a constant value of about 1.2'10” mg/m?d.
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Figure 62: Comparison of the dissolution rates normalized to the geometrical and the total pellet sur-
face area for MgO dissolution in 2.5 mol/L HNOs at 30 °C.

The calculated geometrical surface does not reflect the true surface of the pellets, because on
the one hand the pellets do not show a perfect cylindrical geometry and on the other hand the
roughness of the surface was not considered. Therefore, the developed model was further
improved by considering the roughness of the pellet surface. The SEM investigations have
shown that the pellet surface increases during dissolution due to the formation of crenulations,
etch pits and holes. A second model to describe the microscopic surface changes was devel-
oped. The additional surface area caused by the holes was considered by assuming that they
are cylindrical with a diameter equal to the height.[?'52'81 The diameter of the holes was meas-
ured from the SEM images with the program ImagedJ as described above. The amount of holes
in the pellet at the different reaction times was determined with the function “Analyse Particles”
of the program. The obtained cylinder surfaces were summed up and added to the geometrical
surface. These new total pellet surfaces were used to recalculate the dissolution rates, which
are shown in Figure 62 (triangular symbols). The recalculated dissolution rates are found to be
between 7-10° and 4-10° mg/m?-d. Indeed, these surface normalized dissolution rates describe
the dissolution of MgO more precisely as the pellet surface increases during the dissolution
due to the augmented formation of holes.

The roughness factors of the pellets were calculated according to equation (69) and reported
in Table 18. After an initial increase the maximal roughness factor was determined after 3.5 h.
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During further dissolution the roughness factor decreases, this might result from the limitations
of the applied model, which can only consider the near geometrical surface are; holes which
develop to the inside of the pellet cannot be considered. It is likely that the amount of holes
which extent to the inner part of the pellet increase with proceeding dissolution.

Atotal

A= ——— 69
Ageom (69)

Table 18:  Calculated geometrical and total surface area of the pellets and respective roughness fac-
tors after different reaction times.

Reaction Geometrical Total Roughness
time (h) surface (cm?) surface (cm?) factor
0.5 1.9 29 1.6
2 1.7 1.9 2.2
35 1.5 6.1 6.7
5 1.2 5.0 42
15 0.3 1.0 3.7

The studied MgO pellets are polycrystalline and not all regions of the pellets dissolve equally
as described above. Therefore, it is questionable if an overall dissolution rate for the whole
pellet is sufficient to describe the dissolution of MgO. Liitige et al.[5¥ state, that an overall rate
does not describe the dissolution sufficiently, but individual dissolution rates need to be con-
sidered for different surface sites. Consequently, it is even more controversial for a polycrys-
talline system to determine an overall dissolution rate for the entire system.

4.1.2.8 Dissolution of Mixed MgO/CeO; Pellets

The influence of the HNO3 concentration and the temperature on the dissolution behaviour of
mixed MgO/CeO: Pellets (60/40 wt.%) was investigated in batch experiments (1, 2, 4, and
7 mol/L HNO3; RT, 60 and 90 °C). The magnesium ion concentrations relative to the total
amount of Mg in the pellet (diamond symbols) and the relative cerium ion concentrations
(square symbols) are depicted in Figure 63 as a function of the reaction time for dissolution in
4 mol/L HNOs at RT. Complete dissolution of the metal ions is indicated by the thick line. While
MgO is also soluble at mild conditions, no more than 1% of CeO- was dissolved at any of the
investigated conditions.
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Figure 63: Dissolution curves of MgO (filled symbols) and CeO2 (open symbols) in 4 mol/L HNOs at

RT.

The dissolution rates of Mg (filled symbols) and Ce (open symbols) as a function of acid
concentrations at different temperatures are compared in Figure 64. The dissolution rates of
MgO are about three orders of magnitude higher than those for CeO. under equal conditions.
For MgO an increase in temperature results in faster dissolution, while the acid concentration
has nearly no effect on the dissolution rate. The dissolution rates of CeO, also show a strong
dependence on the temperature. Moreover, the dissolution rate of CeO: slightly increases with
increasing acid concentration. Therefore, an optimized separation of magnesium and cerium
can be achieved at low acid concentrations, where no dissolution of the plutonium dioxide is
expected as well. However, the PUREX process utilizes 6-8 mol/L HNO3.'" Accordingly, the
separation processes would have to be adapted to the acid concentration. PuO- is not ex-
pected to dissolve at any of the investigated conditions, because it is insoluble in nitric acid
when sintered at temperatures greater than ~450 °C, due to reduced powder porosity and
crystallinity!"”"-172, According to Uriarte and Rainey!"”"! the dissolution rates for PuO; in boiling
2, 10 and 14 mol/L nitric acid are less than 10° mg/m?d, which is one order of magnitude lower
than the dissolution rate of MgO at RT determine in this work. The dissolution rate of PuO is
barely affected by the temperature and HNOs concentration!'”?, However, complexants such
as fluoride or oxidants such as Ag(ll) and Ce(IV) accelerate the PuO; dissolution!'70-171. 1731,
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Figure 64: Comparison of dissolution rates a as a function of acid concentrations at different
temperatures for Mg (filled symbols) and Ce (open symbols).

The Arrhenius plots of dissolution rates of MgO and CeO; in mixed MgO/CeO:. pellets in nitric
acid of different concentrations are depicted in Figure 65 and Figure 66 respectively. The ac-
tivation energies were determined as described above and are summarized in Table 19. The
calculated values for the activation energy of MgO are in total a little lower than those calcu-
lated from the dissolution of the pure MgO pellets and the values vary less. The activation
energies calculated for CeO: for the different acid concentrations vary greatly and no clear
trend is visible. However, the determined activation energies correspond to the range expected
range for a surface controlled dissolution of the ceria.
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Figure 65: Arrhenius plot of dissolution rates of MgO in mixed MgO/CeO: pellets in nitric acid of dif-
ferent concentrations.
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Figure 66: Arrhenius plot of dissolution rates of CeOz in mixed MgO/CeO: pellets in nitric acid of dif-
ferent concentrations.

Table 19:  Activation energies of MgO and CeO: for different acid concentrations.

Acid concentration (mol/L) Activation energy (kJ/mol)
MgO CeO:
1 46.0 47.8
2 451 37.5
4 51.7 80.7
7 41.5 60.0

The dissolution of mixed MgO/CeO, was also investigated in more detail by SEM in a study
comparable to that of the pure MgO pellets. The structure of the pellet (grains and grain bound-
aries) can still be identified after reaction with 2.5 mol/L HNO3 at 30 °C for 0.5 h (compare
Figure 67), but a heterogeneous surface was found, which can be divided into two parts: CeO-
rich regions and MgO rich regions. The CeO: rich regions (Figure 67, left) apparently dissolve
homogeneously. The original microstructure of the CeO- rich regions (Figure 67, left), espe-
cially the grain boundaries can still be identified. The dissolution apparently proceeds homo-
geneously via circular etch pits. In the MgO rich regions (Figure 67, right) the same heteroge-
neous surface was found, as was observed on the pure MgO pellets, and can be divided into
three parts: smooth areas, rough areas, and holes. Predominantly circular etch pits are ob-
served.

After a reaction time of 2.5 h (Figure 68) the MgO rich regions are not visible any longer and
the outer part of the pellet consists solely of CeO,. In addition to the large CeO; agglomerates,
countless small particles are visible, which could either originate from disintegration due to
weakening of the grain boundaries or be a precipitate.
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Figure 67: Surface topography of a MgO/CeO: pellet after 0.5 h reaction in 10 mL of 2.5 mol/L HNO3
at 30 °C; left: CeOz rich region, right: MgO rich region.
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Figure 68: Surface topography of a MgO/CeO: pellet after 2.5 h reaction in 10 mL of 2.5 mol/L HNOs
at 30 °C.

4.1.2.9 Comparison of the Dissolution of MgO from Pure and Mixed Pellets

The dissolution rates of MgO from pure (filled symbols) and mixed (open symbols) pellets at
different temperatures are compared in Figure 69. The observed trends are similar for pure
and mixed pellets. However, the dissolution rates for the mixed pellets are systematically lower.
This is caused on the one hand by the smaller reactive surface area of the MgO and on the
other hand by the different fabrication conditions and resulting higher density of 98%TD of the
mixed pellets compared to 96%TD of the pure MgO pellets.

To complete the analysis of the dissolution behaviour of MgO the previous results are to be
confirmed by experiments with mixed MgO/UQO2 and MgO/PuO: pellets. Vertical scanning in-
terferometry could be utilized for further investigation of the surface topography of the pellets.
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Figure 69: Comparison of dissolution rates a as a function of acid concentrations at different

temperatures for pure MgO pellets (filled symbols) and mixed MgO/CeO: pellets (open
symbols).
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4.2 Molybdenum as CerMet Matrix Element
According to the Mo/UO,- and Mo/PuO: pellet production procedure at NRGI'8", Mo pellets
with CeO; contents of 0, 5, 10, 25 and 40% were synthesized.

4.2.1 Physical Properties and Microstructure
The pellets were characterized by means of density measurements, micro hardness measure-
ments, SEM investigation, and XRD.

4.2.1.1 Densities of the Pellets

The geometrical density of the pellets was calculated from measurements of pellets height and
diameter. Bulk density was determined by Archimedes method (immersion in water). Bulk and
geometric densities of the Mo/CeO pellets are compared with Mo/UO- pellets produced in
Petten by NRG in Figure 70. The geometrical densities of mixed pellets containing CeO, are
considerably lower compared to those containing UO,. This might be caused by a slight defor-
mation of the pellet during the sintering process, since the geometrical density determination
is based on a cylindrical shape of the pellets. However, the bulk densities agree very well.
Altogether, the density of the pellets increases with increasing molybdenum content.
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Figure 70: Densities of CeO2/Mo pellets (Jillich) compared to UO2/Mo pellets (NRG!'8"]) as a function
of Mo content.

Optical microscope pictures of mixed Mo/CeO2 and Mo/UO; (NRG!'®") pellets are shown in
Table 20. CeO2 and UO: respectively are homogeneously distributed in the molybdenum ma-
trix.
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Table 20:  Optical microscope pictures of mixed Mo/CeQO2 (magnification x20) and Mo/UO:2I'81 (mag-
nification x10) pellets.

CeO; UO, (NRGI'8)

95% Mo

90% Mo

75% Mo

60% Mo
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4.2.1.2 Investigation of Micro Hardness

The micro hardness (Hy) of sintered samples was measured by a diamond Vickers indenter
(Anton Paar MHT 10). The thoroughly polished and etched surface was indented using a load
of 400 Pa. The full load was applied for 10 s. Seven measurements were performed for each
pellet. The micro hardness (Hv (GPa)) of the pellets was calculated by equation (56) (page 43)
and is depicted in Figure 71 as a function of the ceria content. The curve shows a linear de-
pendence, the discrepancies at 10 and 40 wt.% ceria content are caused by a bad sample
quality and high sample porosity respectively.
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Figure 71: Micro hardness Hv (GPa) of mixed Mo/CeO: pellets as a function of ceria content.

4.2.1.3 Scanning Electron Microscopy Investigations

Sintered pellets were carefully polished with abrasive paper and diamond paste (1 ym) and
etched with Murakami's reagent!'® (composition: 10 mg KsFe(CN)s, 10 mg KOH, 100 mL dis-
tilled water) for 3 min for the investigation of the microstructure. The micro structure of the
pellets was studied by SEM. The optical microscope and SEM pictures of the mixed
Mo/CeO; pellets and pure Mo and CeO; pellets are depicted in Figure 72. In all mixed pellets
the cerium dioxide is distributed quite homogenously in the Mo matrix. The CeO; pellet
(Figure 72, f) is significantly more porous compared to the Mo pellet (Figure 72, a). Therefore,
the pellet porosity increases with increasing ceria content. The Mo pellet shows well developed
grains and grain boundaries. The amount of inner grain porosity is low; the pores are concen-
trated at the triple points. The pellets consist of two different regions; one shows a more distinct
microstructure than the other; EDS measurements were performed on both regions.
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Figure 72: SEM pictures of mixed Mo/CeO: pellets with a) 0 wt.%, b) 5 wt.%, c) 10 wt.%, d) 25 wt.%,
e) 40 wt.%, and f) 100 wt.% CeOsa.

All pellet compositions were investigated in detail, but the results for pellets containing 25wt.
% CeO: are presented here in detail (Figure 73). The EDS spectrum of the region with less
distinct microstructure (n1) shows mainly the L-lines of CeO,. However, the molybdenum L-
lines also appear in the spectrum, because the depth of the measuring range of the EDS is
higher than the depth of the CeO- grain and Mo which is located below the CeO2 grain is also
detected (compare section 4.1.1.4, Figure 44, page 69). The EDS spectrum of the region with
more distinct microstructure (n2) shows mainly the L-lines of Mo. The microstructure is more
visible for the molybdenum grains, because the etching procedure was optimized for the metal
phase.

*n2
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Figure 73: EDS measurement of different regions on the surface of mixed Mo/CeO: pellet containing
25 wt.% CeO:o.

The mixed pellets were analysed by XRD and the achieved data was standardized to an in-
tensity of 1,000. The diffractogram of a mixed Mo/CeO: pellet with 25 wt.% CeO; is exemplarily
shown in Figure 74. The diffraction pattern shows two phases, body-centred cubic molyb-
denum and the fluorite structure of CeO,; no additional mixed phase is observed.
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Figure 74: X-ray powder diffraction pattern of a mixed Mo/CeO:2 pellet with 25 wt.% CeO:2 share.

4.2.2 Dissolution Behaviour

The dissolution behaviour of molybdenum has been investigated as a function of the acid con-
centration and the temperature. Moreover, the influence of Fe(lll) as additive on the dissolution
was considered.

4.2.2.1 Dissolution in Nitric Acid

The dissolution of molybdenum in nitric acid produces an s-shaped curve, as the surface area
initially increases, then the surface area decreases until pellet dissolution is complete as can
be seen in Figure 75. This profile is also typical for autocatalytic mechanisms, due to genera-
tion of the catalytic species nitrous acid, which initiates the dissolution.?'7-2'8 The dissolution
velocity of Mo pellets is strongly dependent on the acid concentration. Higher acid concentra-
tions result in higher dissolution velocities but also in more precipitation. Molybdenum is oxi-
dized to Mo(VI) (compare section 1.8.3) which then precipitates as MoOs. This is in agreement
with the observation of Shapiro!'*"l, who found an increasing degree of polymerization of isopol-
yanions with the concentration of protons until the isoelectric point (pH 1.1-1.8), where the
monohydrate precipitates. During dissolution of a molybdenum pellet in 2 mol/L nitric acid at
RT first precipitation occurs after 48 h, while in the case of 4 mol/L nitric acid first precipitations
occur already after about 24 h. During dissolution of a molybdenum pellet in 7 mol/L nitric acid
first precipitation occurs after only 25 min.
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Figure 75: Dissolution of Mo pellets (1 g) in nitric acid (50 mL) of different concentrations at RT.

The existence of oxides hydrated with one or two water molecules, MoO3;-H,O and
MoOs-2H20, has been established. Both hydrates can be obtained by acidification of a molyb-
date solution. Monohydrate is known to exist in diverse crystalline forms. There are no detailed
studies on the range of existence of MoO3and the hydrates for acid system. In acid solution at
20 °C, the solid phase in equilibrium with the solution is MoO3:2H20 in 2 to 6 mol/L HNOs3,
while the monohydrate is the solid phase on both sides of this concentration range. For
T > 40 °C, the monohydrate is the stable white solid phase in the acid system MoO3-nH,0O-
H,0.["% 191 The precipitates were identified as MoOs (molybdite) by XRD measurement. The
diffractogram of the precipitate in 1 mol/L HNO3 at RT is shown in Figure 77. The ratio of mo-
lybdenum in solution and precipitated Mo was determined by ICP-MS. For this purpose the
MoO3 was dissolved in NaOH solution. The results are depicted in Figure 76. In 1 mol/L HNO3
about 5% of the molybdenum precipitate while only 50% dissolve in 4 mol/L HNOs3;, and in
7 mol/L HNOs less than 30% of the molybdenum dissolves.
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Figure 76: Distribution of Mo (1 g) between solution and precipitate for different dissolver solutions (20
mL) at RT.
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Figure 77: XRD of the precipitate occurring during dissolution of Mo in 1 mol/L HNOs at RT.

An increase in temperature results in faster dissolution velocities but also greater amount of
precipitation (Figure 78). During dissolution of a molybdenum pellet in 7 mol/L nitric acid at 60
°C first precipitations occur already after about 90 min. During the first 30 min of dissolution of
a molybdenum pellet in 7 mol/L nitric acid a huge amount of precipitation occurs at 90 °C (Fig-
ure 79), whereas at RT only a few flakes are visible. At temperatures above RT the molyb-
denum concentration in the solution increases during the first phase of the dissolution, but then
decreases at the onset of the precipitation. The decrease in solubility of molybdenum oxide
with temperature, for a given concentration of HNO3, was attributed by Vorob’ev!'#? to the for-
mation of different polymeric species of molybdenum according to the temperature and which
are less soluble at higher temperatures.

e
P L I
® I |
=§15 ITT.RT
£ 60 °C
S i 1 A490°C
Q 10 fo-ma TR Y
S = 1
R
!_ll‘ o
o i T T T T 1
0 5 10 15 20 25

t (h)

Figure 78: Dissolution of Mo pellets (1 g) in 7 mol/L nitric acid (50 mL) at different temperatures.
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Figure 79: Dissolution of a Mo pellet in 7 mol/L nitric acid after 30 min at RT (left) and at 90 °C (right).

The dissolution rates of Mo were derived by the initial rate method and are displayed in Figure
80 as a function of nitric acid concentration at RT and at 90 °C. For that purpose, the mass of
the dissolved molybdenum was plotted as a function of time. The slope of the fit to the linear
first part of the dissolution curve is equal to the dissolution rate, as described in more detail in
section 4.1.2.2. However, this method is based exclusively on the molybdenum concentration
in solution and does not consider the precipitate. Accordingly, it provides only an approximation
whose quality depends on the amount of the precipitate. The dissolution rates increase with
increasing acid concentration at both temperatures. Moreover, an elevated temperature leads
to a significant increase in dissolution rate at a given nitric acid concentration. However, this
simultaneously results in augmented precipitation of molybdenum oxide, as reported before
and is attributed to the formation of lower soluble polymeric species of molybdenum at higher
temperatures.l'4?]

B o -

Dissolution rate (mg/min)

¢(HNO;) (mol/L)
Figure 80: Initial dissolution rates of Mo as a function of nitric acid concentration at RT and at 90 °C.
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The temperature dependence of dissolution rates is typically expressed using Arrhenius law
(compare section 1.7, equation (11)). The activation energy can be determined by plotting the
rate constant as a function of 1/T and was calculated for the dissolution of Mo in HNO3 using
equation (11) from the slopes of the linear fits (not shown here). The obtained activation energy
was 18 £ 8 kd/mol, which indicates a diffusion controlled dissolution2°2,

4.2.2.2 Dissolution in Nitric Acid with Ferric Nitrate as Additive

Iron(lll) is known to significantly increase the solubilities of both MoO3s and MoO3-2H,0 in dilute
HNO3.5" Anion exchange resin studies indicate that a negatively charged iron-molybdenum
complex ion is present in such solutions!®®. The addition of ferric nitrate to the acid increases
the dissolution velocity of the Mo pellet as shown in Figure 81. The pellet can be completely
dissolved in 1 mol/L HNO3 containing at least 1 mol/L Fe(lll). In 1 mol/L HNO3 without the
addition of Fe(lll) only about 40% of the pellet are dissolved after 3 days, whereas in 1 mol/L
HNO3 containing 1 mol/L Fe(NOzs)s the pellet completely dissolves within about one day. The
addition of 1 mol/L ferric nitrate to the solvent prevents the precipitations at low acid concen-
trations (compare Figure 82). The Mo pellet can be completely dissolved in 1 or 2 mol/L nitric
acid with the addition of 1 mol/L ferric nitrate and these solutions are stable. However, at the
higher acid concentrations (4 and 7 mol/L HNO3) precipitates occur. Nevertheless, the large
amount of iron in the solution might interfere and disturb the extraction process (compare

section 1.8.3.5) and will add substantially to waste volumes unless the iron solution can be
reused after Mo extraction.
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Figure 81: Dissolution of Mo pellets (1g) in 1 mol/L HNOs (20 mL) with the addition of different
amounts of Fe(NOs)s at RT. The dashed line corresponds to the concentration expected
for complete dissolution.
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Figure 82: Dissolution of Mo pellets (1 g) in nitric acid (20 mL) of different concentrations + 1 mol/L
Fe(NOs)s at RT. The dashed line corresponds to the concentration expected for complete
dissolution.

The addition of ferric nitrate to the nitric acid increases the dissolution rate of Mo as is shown
in Figure 83, where the dissolution rate is plotted against the Fe(lll) content in 1 and 7 mol/L
nitric acid. In 1 mol/L HNOjs the dissolution rate linearly increases with Fe(lll) content. The dis-
solution rate in the presence of 1 mol/L Fe(lll) is a factor of six higher compared to the disso-
lution without iron. In the case of 7 mol/L HNOs no clear trend can be identified due to the
scattering of the values. The dissolution rates are significantly higher in 7 mol/L nitric acid com-
pared to 1 mol/L nitric acid. For comparison, the initial rate of dissolution of U-3% Mo alloy in
boiling 8 mol/LHNO; increases from 142 to about 200 mg/cm?-min (factor of 1.4) as the ferric
nitrate concentration increases from 0 to 1 mol/L.
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Figure 83: Initial dissolution rates of Mo pellets (1 g) as a function of Fe(lll) addition to 1 and 7 mol/L
nitric acid (20 mL) at RT.
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However, the overall solubility is lower in 7 mol/L nitric acid as discussed above. Iron(lll) is well
known to oxidize Mo(V) complexes, in acidic aqueous solution.!'"? The hydrolysed Fe(lll) cat-
ion [Fe(OH)]** is considered as the reactive species. The concentration of this cation de-
creases with increasing acid concentration, decelerating the oxidation!"'?, which could explain
the smaller effect of the Fe(lll) addition in 7 mol/L HNO3 compared to 1 mol/L HNOs. On the
other hand, molybdate is known to accelerate the oxidation of iron(ll) by nitric acid (brown ring
test).2'9-2200 However, no information on the catalytic mechanism could be found.

As reported before, in the presence of iron an increase of temperature results in faster disso-
lution kinetics as shown in Figure 84 but at temperatures above RT precipitations occur during

the dissolution of the pellet. Due to the formation of precipitates the determination of dissolution
rates is difficult.

L
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Figure 84: Dissolution of Mo pellets in 1 mol/L HNO3 with the addition of 1 mol/L Fe(NOs)s at different

temperatures. The dashed line corresponds to the concentration expected for complete
dissolution.

The dissolution rates of Mo are strongly dependent on the temperature as depicted in Figure
85 for 1 and 2 mol/L nitric acid containing 1 mol/L Fe(NQOs)s. In nitric acid solutions which do
not contain iron an increase in dissolution temperature results in an increased degree of pre-
cipitation, making the determination of dissolution rates impossible.

The activation energy of the dissolution of molybdenum in nitric acid containing iron(lll) as an
additive was determined as described above and is 42 + 11 kJ/mol, which suggests a surface
controlled dissolution.2%!
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Figure 85: Initial dissolution rates of Mo as a function of temperature in 1 and 2 mol/L nitric acid con-
taining 1 mol/L Fe(NOs)a.

4.2.2.3 Dissolution Experiments on Mixed Mo/CeO; Pellets

Since mild conditions are most suitable for molybdenum dissolution, experiments on mixed
Mo/CeO: (60/40wt.%) pellets have been performed in 20 and 100 mL 1 mol/L HNOs without
Fe(lll) or containing 1 equivalent of Fe(lll) per equivalent of Mo at RT. The dissolution of
Mo/CeO; (60/40wt.%) pellets (1 g) in 20 mL 1 mol/L HNO3 with and without Fe(lll) is displayed
in Figure 86 as a function of time. In the absence of Fe(lll) the dissolution of molybdenum is
slower compared to cerium in the induction period and then speeds up. In the presence of
Fe(lll) the induction period of the molybdenum dissolution is shortened and the dissolution of
molybdenum is faster compared to cerium during the entire experiment. Overall the dissolution
velocity of molybdenum increases in the presence of iron, while the dissolution velocity of ce-
rium is unaffected.
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Figure 86: Dissolution of molybdenum and cerium from mixed Mo/CeO2 (60/40 wt.%) pellets (1 g) in
20 mL 1 mol/L HNOs without Fe(lll) or containing 1 eq. of Fe(lll) per eq. of Mo at RT.
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In the absence of Fe(lll) a pale precipitate appears after about 100 h, which corresponds to a
dramatic drop of Mo concentration. This precipitate was identified by XRD as MoOs. The over-
all picture for the dissolution in 100 mL dissolver solution is quite similar; however the dissolu-
tion is overall slower. The XRD pattern of the residue of the dissolution of a Mo/CeO;
(60/40 wt.%) pelletin 100 mL 1 mol/L HNOs is displayed in Figure 87. The diffractogram shows
one phase, which can be identified as CeO,, although the reflexes are slightly shifted. The
MoOQs precipitate which was also visible in the flask is below the detection limit.
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Figure 87: XRD pattern of the residue of the dissolution of a Mo/CeO2 60/40wt.% pellet in 100 mL
1 mol/L HNOs.

The average dissolution rates (mg/min) (derived from equation (4)) of molybdenum and cerium
from mixed Mo/CeQ- (60/40 wt.%) pellets for the different dissolver solutions are compared in
Figure 88. The dissolution rate of molybdenum is higher in 20 mL compared to 100 mL acid
and also increases in the presence of iron. The dissolution rate of cerium is barely influenced
by the composition of the dissolver solution. In all cases the solutions in equilibrium (prior to
the molybdenum precipitation) contain about 1 mmol cerium and 7 mmol molybdenum.
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Figure 88: Comparison of average dissolution rates (mg/min) of molybdenum and cerium from mixed
Mo/CeOz (60/40 wt.%) pellets in 20 and 100 mL 1 mol/L HNOs without Fe(lll) or containing
1 equivalent of Fe(lll) per equivalent of Mo at RT.
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Comparing the dissolution behaviour of both matrix materials molybdenum and magnesium a
systematic difference is observed. The dissolution of CeO2 from Mo/CeO: pellets is significantly
faster and a larger amount of CeOQ: is dissolved compared to MgO/CeO; pellets. It is probable
that this is due to enhanced reductive dissolution, involving the reduction of Ce(lV) by Mo(V)
as described by Chappelle et al.??" The occurrence of Mo(V) as intermediate in the dissolution
of molybdenum metal in nitric acid will be discussed later on, in the context of speciation of Mo
in HNO3 (compare section 4.2.3.1).

4.2.2.4 Mechanism and Kinetics
The difference in dissolution rate of molybdenum in 20 and 100 mL is caused by the dissolution
mechanism of metals (e.g. Cu, Fe, Ni, Zn, Co) in nitric acid”5® (compare section 1.8.3.1),
which involves autocatalysis by nitrous acid. The undissociated HNO3 but not the dissociated
NOs-HsO acts oxidizing to metals.l”® The first step in metal dissolution by nitric acid is an ad-
sorption desorption step.l"> 79 82
Mo + HNO3 + 2H" = Mo:HNO; + 2H" »Mo?"+ HNO, + H,0 (70)
The first adsorption-desorption step (71) is considered to be rate determining for the dissolu-
tion™; a slow induction period followed by a more rapid dissolution was observed. The ad-
sorption-desorption of the intermediate HNO: on the metal surface is much faster than that of
HNO:s. The first step (equation (71)) plays an important role in the initial formation of HNO; by
reduction of the absorbed HNO3 on the metal surface. At the time of a measurable decrease
in HNO3 concentration relatively faster step starts to be predominant. This step involves the
reduction of HNO2 to NO on the metal surface:[™
Mo™ + HNOz + H* & Mo™"* + NO +H.0 n=0-5 (71)
The adsorption-desorption of the intermediate HNO> on the metal surface is much faster than
that of HNOs. Nitric oxide formed in reaction (72) reacts rapidly with HNO3 forming HNO.
2NO + HNO3 + H20 — 3HNO; (72)
This reaction takes place at the metal surface as well as in the bulk solution!™. In 20 mL acid
the nitrous acid is diluted less, which leads to a shortened induction period, as can be seen in
Figure 89. Comparing dissolution rates in 20 and 100 mL the nitrous acid concentration is
lower in 100 mL acid; therefore the induction period is longer and concentrations are lower at
the surface and in the bulk solution.
Additionally, the induction period is further shortened by the addition of iron. The dissolution
rate after the induction period is similar for all dissolver solutions. As described above the
activation energy of the dissolution of molybdenum in nitric acid indicates a diffusion control,
which is in agreement with the autocatalytic mechanism. In the presence of iron the activation
energy is suggests a surface controlled. The presence of iron(lll) not only increases the solu-
bility, but also influences the dissolution mechanism of molybdenum in nitric acid.
The obtained activation energy of the dissolution of molybdenum in nitric acid was
21 £ 10 kJ/mol, whereas the activation energy of the dissolution of molybdenum in nitric acid
containing iron(lll) as an additive was significantly higher (42 £ 11 kJ/mol). A similar effect was
observed for the dissolution of uranium dioxide by various authors, an activation energy of
37 kJ/mol was found for the ’nitrous acid route’, while the activation energy of the ‘nitric acid
route’ was 80 kJ/mol.[217. 222-224]
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Figure 89: Dissolution of molybdenum from mixed Mo/CeO2 60/40 pellets (1 g) in 20 and 100 mL
1 mol/L HNOs without Fe(lll) or containing 1 eq. of Fe(lll) per equivalent of Mo at RT.

This is further confirmed by experiments where NaNO: is added to the nitric acid. In 1 mol/L
HNOs3 the addition of NaNO; stimulates dissolution which is autocatalytic, HNO; being the cat-
alyst, and even eliminates the induction period as depicted in Figure 90. During this period, the
oxides (MoOs to MoO2) form on the surface. Then, the dissolution is actually an electrolytic

corrosion.®® 191 On the contrary, in the presence of iron the addition of nitrite has no effect as
shown in Figure 91.
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Figure 90: Dissolution of Mo pellets in 1 mol/L HNOs with and without the addition of NaNO: at RT.
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Figure 91: Dissolution of Mo pellets in 1 mol/L HNO3/1 mol/L Fe(NOs)s with the addition of different
amounts of NaNOz at RT.

4.2.2.5 Mo/PuO:; Pellets

All dissolution tests with unirradiated pellets containing PuO, were performed at the Institute
fur Nukleare Entsorgung (INE) within the Karlsruher Institut firTechnologie (KIT). The dissolu-
tion of mixed Mo/PuOQ:;, pellets is carried out at RT in an acid volume of 100 mL. The larger acid
volume was chosen to minimize Mo precipitation.

Pre-tests

The dissolution parameters which were chosen for the dissolution experiments on unirradiated
Mo/PuO- pellets were pretested with Mo powder. 1 mol/L HNO3, 1 mol/L HNO3/0.2 mol/L
Fe(NOa)s, and 7 mol/L HNO3 were chosen as solvent. In the case of 7 mol/L HNO3; 15 mL of
acid were used initially and later on (after 7 d) diluted to reach a HNO3 concentration of 1 mol/L.
This method was chosen because the dissolution kinetic in 7 mol/L HNOs is faster, but the
solubility of Mo is lower compared to 1 mol/L HNOs. The concentrations of molybdenum in
solution are displayed in Figure 92 as a function of time. Molybdenum can be completely dis-
solved in 1 mol/L HNOs in the presence of iron(lll). Although the Mo concentrations in 1 mol/L
HNO3 without Fe(lll) are similar a precipitate is visible. Contrary to expectation the Mo concen-
tration in 7 mol/L HNOs3 declines upon dilution, a complete dissolution cannot be achieved.
Therefore, an additional test in 3 mol/L HNO3 was performed, because this condition was suc-
cessfully tested at NRG Petten. However, the results were very similar to the 1 mol/L HNO;
(compare Figure 92 and Figure 93). The ratio of Molybdenum in solution and precipitated Mo
for the different dissolver solutions is shown in Figure 93. Mo is completely dissolved in 1 mol/L
HNO3/0.2 mol/L Fe(NOs)s; in the case of 1 and 3 mol/L HNOs about 5% of the molybdenum
precipitate. In 7 mol/L HNOs which is diluted to 1 mol/L HNO3 less than 50% of the molyb-
denum dissolves. PuOs: is not expected to dissolve at the chosen conditions. The residue would
afterwards be washed in NaOH to dissolve possible MoOs precipitates, and then dissolved at
suitable conditions, such as boiling concentrated nitric acid (5-7 mol/L). Complexants such as
fluoride or oxidants such as Ag(ll) and Ce(lV) accelerate the PuO- dissolutionl'70-17". 1731,
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Figure 92: Dissolution of Mo powder (1 g) in various solvents (100 mL; 7 mol/L HNOs: 15 mL, after 7 d
dilution to 100 mL) at RT.
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Figure 93: Distribution of Mo (1 g) between solution and precipitate for different dissolver solutions
(100 mL; 7 mol/L HNOs: 15 mL, after 7 d dilution to 100 mL).

Tests with Unirradiated PuO: Pellets

Pellets with PuO2 contents of 5, 25, and 40 wt.% were dissolved in 100 mL solution. The dis-
solution media were 1 and 3 mol/L HNOs and 1 mol/L HNO3/0.2 mol/L Fe(NOs3)s. All dissolution
experiments were performed at RT. The concentrations of Mo and Pu in the solution are de-
termined by ICP-MS, and ?*'Am by y-counting. The plutonium dioxide fraction of the pellet
contains 0.67 wt.% 24'Am, which is a decay product of 2'Pu. The residues are still to be inves-
tigated by XRD and SEM. The results of the dissolution experiments in 3 mol/L HNO3 are dis-
played in Figure 94 for molybdenum and Figure 95 for plutonium.
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Figure 94: Dissolution of molybdenum from mixed Mo/PuO: pellets (0.8 g) with different Plutonium
shares in 100 mL 3 mol/L HNOs at RT as a function of time.

The dissolution velocity of molybdenum is similar for all pellet compositions (Figure 94),
whereas the dissolution of plutonium (Figure 95) and americium (not shown) is significantly
slower for the pellet with the lowest plutonium content. This can be assigned to the difference
in PuO; surface area. No voluminous white MoO3 precipitate was observed. Equilibrium in Mo
dissolution is reached after about 20 days, at this time the Mo concentration in solution is about
4 g/L, which corresponds to 85% of the molybdenum, the Pu concentration is 0.08 g/L (3%)

and the Am concentration is 0.001 g/L (5%). At the end of the experiments a black powder,
which is expected to be PuO,, remains as a residue.
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Figure 95: Dissolution of plutonium from mixed Mo/PuO: pellets (0.8 g) with different Plutonium shares
in 100 mL 3 mol/L HNOs at RT as a function of time.
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The dissolution of molybdenum, plutonium and americium from mixed Mo/PuQO, pellets in
3 mol/L HNO3 and 1 mol/L HNO3 containing 0.2 mol/L Fe(NO3)s is compared in Figure 96 and
Figure 97 respectively. The pellet with 25 wt.% PuO; share is most suitable to represent all
three pellet compositions and is therefore considered exemplarily. In 3 mol/L HNO3 the initial
concentration of molybdenum is similar to that of plutonium, but shows a greater increase with
time. The concentration of Am is about two orders of magnitude lower compared to Pu at all
times. When the equilibrium in Mo dissolution is reached the Mo concentration is about two
orders of magnitude higher than the Pu concentration and four orders of magnitude higher
than that of Am. In 1 mol/L HNO3/0.2 mol/L Fe(NOs)s the dissolution rate of molybdenum is
significantly increased, while the dissolution rates of the actinides are decreased, as described
above. The concentrations of Mo and Pu in 1 mol/L HNO3/0.2 mol/L Fe(NOs)s differ by four
orders of magnitude, the concentrations of Mo an Am by five orders of magnitude. The same
applies to the overall solubility.
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Figure 96: Dissolution of Mo, Am, and Pu from mixed Mo/PuOz2 pellets (0.8 g) with 25 wt.% PuO2share
in 100 mL 3 mol/L HNO3 at RT as a function of time.
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Figure 97: Dissolution of Mo, Am, and Pu from mixed Mo/PuO: pellets (0.8 g) with 25 wt.% PuO2share
in 100 mL 1 mol/L HNO3/0.2 mol/L Fe(NOs)s at RT as a function of time.
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The influence of the dissolver solution on the dissolution of Mo, Pu, and Am is highlighted in
Figure 98, Figure 99 and Figure 100 respectively. Again the pellet with 25 wt.% PuO. content
is considered exemplarily. Molybdenum (Figure 98) initially dissolves significantly faster in
1 mol/L HNO3 containing 0.2 mol/L Fe(NO3)s compared to 3 mol/L HNOs3, but the concentra-
tions align after about 80 h; in 1 mol/L HNO3 molybdenum dissolution is significantly slower.
The dissolution of plutonium (Figure 99) as well as americium (Figure 100) is similar in 1 and
3 mol/L HNOg, but is significantly slower in the presence of iron. Moreover, the overall solubility
of both elements is reduced. The overall solubility of both actinides is slightly lower in 1 mol/L
HNO3; compared to 3 mol/L HNOs. The increase in molybdenum solubility in the presence of
iron(ll) is caused by complexation as discussed above. In the case of the actinides different
approaches may be considered concerning the influence of Fe(lll) on the dissolution. The so-
lution chemistry of Pu is very complex, because it undergoes disproportionation reactions and
can exist simultaneously as Pu(lV), Pu(V), and Pu(VI) under oxidizing conditions. Plutonium is
expected to be present in oxidation state +4 due to the solution being loaded with nitric acid
and reduction products (HNO.) from molybdenum dissolution.
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Figure 98: Dissolution of Mo from mixed Mo/PuO: pellets (0.8 g) with 25 wt.% PuOz2 share in 100 mL
of different dissolver solutions at RT as a function of time.
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Figure 99: Dissolution of Pu from mixed Mo/PuO: pellets (0.8 g) with 25 wt.% PuOz share in 100 mL
of different dissolver solutions at RT as a function of time.
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Figure 100: Dissolution of Am from mixed Mo/PuO: pellets (0.8 g) with 25 wt.% PuO2 share in 100 mL
of different dissolver solutions at RT as a function of time.

Kulyako et al.?? studied the dissolution of UO,, U3Os and solid solutions of actinides in UO>
in aqueous solution of ferric nitrate as a new approach to reprocessing of oxide nuclear fuel.
In the process; Fe(lll) oxidizes U(IV) to U(VI) the compounds of which are more soluble than
those of U(IV). However, Pu occurs in these solutions in the form of Pu(lll), because the Pu(1V)
initially present in the MOX fuel was reduced in the course of the dissolution to Pu(lll) with
Fe(ll) originating from the oxidation of U(IV) to U(VI) with Fe(lll). Am present in the crystal
lattice of UO,-AmO, as Am(1V) is likewise reduced to Am(ll1).??! Since there is no U present
in the system investigated in this work and there is no other clear evidence for the presence of
Fe(ll), this approach can be excluded. The influence of the presence of metal cations, among
them Zr(IV), Al(lll) and Fe(lll) on the dissolution of actinide oxides in HNOs-HF solution was
investigated by various authors??6-2281 A decrease in dissolution rate was observed. However,
this effect is attributed to the complexation of fluoride by the cations, which cannot be the case
here. According to Esbelinl®® the presence of plutonium seems to increase the solubility of
molybdenum due to the mixed species such as Pu(MoO4)3H2:nH20 or PuzMoeO22:nH20. This
could also explain the relatively high solubility of plutonium. The solubility of plutonium could
also be promoted by molybdate surface complexation of PuO, favouring dissolution. The in-
troduction of Fe(lll) favours the formation of plutonium valency VI, and therefore its presence
would further reduce Pu losses.l®® However, the large excess of iron present in the solutions
investigated here could displace the Pu from the complexes, thereby reducing the solubility of
plutonium. Iron(lll) and many of the actinide elements, especially plutonium(lV), share many
chemical properties. They are hard Lewis acids, behave similar in water and are bound by
basic ligands that can provide electrical charge, such as negatively charged oxygen donor
ligands.??>230 The formation of mixed iron molybdenum complexes was verified by ESI-MS
measurements as discussed in section 4.2.3.1.
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4.2.3 Speciation of Molybdenum in Nitric Acid Medium

The solution species of Mo in strongly acidic media were characterized and quantified com-
prehensively. For this purpose electrospray ionization mass spectrometry (ESI-MS), which can
probe the stoichiometry and relative abundances of solution species, was applied. The speci-
ation of molybdenum in nitric acid was studied with the homemade ALBATROS ESI-ToF and
with a commercially available QTrap instrument. The ALBATROS is located at the Institut flr
Radiodkologie und Strahlenschutz (IRS) within the Leibniz Universitat Hannover. This allows
the direct measurement of the sample, even in concentrated nitric acid, without dilution or other
alteration of the sample. However, the acquisition of one spectrum takes about two days. With
the QTrap instrument, which is located at the Zentralinstitut fir Engineering, Elektronik und
Analytik (ZEA-3) within the Forschungszentrum Jilich GmbH, on the other hand, the meas-
urement time is reduced to a few minutes, making routine measurements possible. But due to
potential corrosion problems the samples need to be diluted prior to measurements, which
may influence the speciation. A method to analyse solutions of molybdenum with natural iso-
topic composition with a commercially available ESI/MS/MS instrument (QTrap) was devel-
oped. The stability of the detected polymolybdate anions was analysed with MS/MS experi-
ments. Additionally, the influence of the solvent (acetonitrile) and the dilution on the relative
abundance of polymolybdates was systematically investigated. Based on this investigation a
measuring protocol was defined and implemented to study the speciation of molybdenum in
nitric acid at low pH.

4.2.3.1 ALBATROS ESI-ToF

The mass spectrum of a solution of [*®Mo] < 10 mmol/L in 0.5 mol/L HNOs3 is shown in Figure
101. The spectra are plotted on a logarithmic scale to facilitate the visualization of minor spe-
cies. The measured data are plotted in black, the coloured lines are fits to the data taking into
account varying number of water molecules n, which causes the appearance of a peak cluster
in the spectra, of each detected molecule ([MoxOy(OH)a(NO3)s(N2)c]*-nH20). This means that
the species assigned as [MoOOH]" represents ions with the general formula
[MoO20H(H20).]" with n = 10 - 40 for instance. Only singly charged species are observed. The
evaluation of the spectra was carried out as follows: All possible combinations

[M0oxOy(OH)a(NO3)b(N2)c]-nH20,
x=1-10;y=1-29;a=0,1;b=0,1;¢=0,1;n=0-40
are fit to the data by a C++ based fitting routine. When a set of data fits the data simultaneously,
the relative abundances are calculated. The peak areas of all different numbers of water mol-
ecules are summed up for each species [MoxOy(OH)a(NOs3)s(N2)c]*-nH20, resulting in the total
number of ions N
N([MoxOy(OH)a(NO3)s(N2)c]*)=>n N([MoxOy(OH)a(NO3)s(N2)c]*-nH20) (74)

The water molecules are omitted in the following for the sake of simplicity. The mass spectrum
reveals the following Mo(VI) hydroxide complexes: monomeric [MoO,OH]*, dimeric
[Mo20sOH]*, trimeric [Mo3OsOH]*, tetrameric [Mo4sO110OH]", and pentameric [Mos014OH]*. Ad-
ditionally, a dimeric nitrate complex is detected [M0.OsNO3]*. No hexamere is detected, as in
previous measurements of MoOs at the same measurement parameters!?3'l. Besides the pres-
ence of Mo(VI) species the spectrum shows that two Mo(V) species ((MoYOOHNO3]* and

(73)



Molybdenum as CerMet Matrix Element 111

[MoVO2]*) are present in solution in spite of the oxidizing condition in strong nitric acid. Since
the conditions in the electrospray (positive mode) are also oxidizing, experimental artefacts
are unlikely. There are a few peaks in the spectrum (in the range of m/q 450-600) which could
not be assigned yet but they account to a proportion of only 4-5%.

The mass spectrum of a solution of [*Mo] < 10 mmol/L in 1 mol/L HNOs is depicted in Figure
102. Like in the first sample monomeric [MoO-OH]*, dimeric [M0,OsOH]* and [Mo.OsNO3]",
trimeric [Mo3OsOH]*, tetrameric [M04O+1OH]*, and pentameric [Mos014OH]" are detected. Ad-
ditionally, one pentavalent Mo species ([MoVOOHNQOs]*) is present in solution. The relative
abundances of the molybdenum species are compared in Figure 103. The tendency towards
polymerization is lower in 1 mol/L HNO3z compared to 0.5 mol/L HNOs.
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Figure 101: Mass spectrum of a solution of [¥Mo] < 10 mmol/L (metal powder) in 0.5 mol/L HNO3 aged
for about 2 weeks.
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Figure 102: Mass spectrum of a solution of [®Mo] < 10 mmol/L (metal powder) in 1 mol/L HNO3 aged
for about 2 weeks.
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Figure 103: Relative abundances of Mo-polymers in 0.5 and 1 mol/L HNOs.

Speciation of Molybdenum during Pellet Dissolution

A molybdenum pellet synthesized with isotopically pure ®Mo metal-powder at similar condi-
tions as the pellets mentioned before but with a diameter of 2.5 mm, a height of 0.7 mm and a
mass of 38 mg was dissolved in 1 mol/L nitric acid at 60 °C. Samples were taken after 3, 5, 6
and 10 days as well as after 6 month. Figure 104 shows the MS spectrum of the dissolution of
Mo pellets in 1 mol/L HNO3, at 60 °C after 3 days. The mass spectrum reveals the following
hexavalent molybdenum (Mo(VI)) complexes: dimeric [Mo20sOH]* and [Mo20sNO3]* the latter
is known as solution species of molybdenum in concentrated nitric acid solution (compare sec-
tion 1.8.3.1); trimeric [Mo3OsOH]* and [Mo3OgNOs]*; tetrameric [Mo4O11OH]*; and pentameric
[Mos0140H]*. No hexamere is detected, which is agreement with previous measurements of
MoO; at the same measurement parameters %'l Besides the presence of hexavalent Mo spe-
cies the spectrum shows that two pentavalent Mo species ((MoYOOHNO3]* and [MoVO,OH]*)
are present in solution in spite of the oxidizing condition in strong nitric acid. Since the condi-
tions in the electrospray (positive mode) are also oxidizing, experimental artefacts are unlikely.
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Figure 104: Speciation during dissolution of Mo pellets in 1 mol/L HNOs, at 60 °C after 3 days.
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With the progress of time even larger polymers appear in the spectrum (compare Figure 105).
The mass spectrum of the dissolution of Mo pellets in 1 mol/L HNO3, at 60 °C after 12 month
additionally shows hexavalent molybdenum hydroxide ([Mo7O2OH]*, [MogO230H]",
[MogO260H]*, and [M0100290H]*) and nitrate ([M04O+11NO3]*, [Mos014NO3]*, and [Mo7020NO3]*)
complexes.
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Figure 105: Speciation during dissolution of Mo pellets in 1 mol/L HNO3, at 60 °C after 6 month.

The abundances of Mo polymers upon dissolution in 1 mol/L HNOs, at 60 °C for different times
or rather concentrations are depicted in Figure 106. Larger Mo polymers form with increasing
molybdenum concentration or time. First the dimer is the dominant species. The relative abun-
dance of the trimeric species [Mo3OsOH]" increased with time. After more than 5 days, at Mo
concentrations above 8 mmol/L the trimer becomes the dominant species. Whether the
polymerization is dependent on the concentration or the time or both cannot be distinguished
on the basis of this investigation. A remeasuring of the first sample would be necessary to
check whether the speciation has changed over time. As in all previous measurements no
hexamer is detected.
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Figure 106: Abundances of Mo polymers upon dissolution in 1 mol/L HNOs3, at 60 °C for different times
or rather concentrations.
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Figure 107: Relative abundance of Mo(V) in solution obtained by dissolution of Mo pellets in 1 mol/L
HNOs at 60 °C as a function of time.

In all samples a portion of the Mo is present in the oxidation state +V (MoVO(NOs)(OH)* and
MoVO(OH)."). These species seem to form as intermediate species in the dissolution pro-
cess. The relative abundance of Mo(V) decreases with time (compare Figure 107), which is in
agreement with the expected progressing oxidation by nitric acid. The initial increase in Mo(V)
abundance is probably due to a molybdenum(VI) oxide layer which had been formed on the
surface of the pellet prior to the start of the dissolution experiment and dissolves at first.

Raman spectra were recorded on the surface of equivalent solutions with molybdenum of nat-
ural isotopic composition. Figure 108 shows the Raman spectra of the solution of a Mo pellet
in 1 mol/L HNO3, at 60 °C after different amounts of time. Intensities of the spectra were nor-
malized based on the nitrate band at 1048 cm™. The most intense band at 955 cm™ can be
assigned to the symmetrical stretching vibration of a Mo=0O group, assigned by Himeno and
Hasegawal®2. The two other bands at 922 and 860 cm™' are assigned to the asymmetric
stretching vibrations of a M=O group and a linear mono-oxobridge. The intensity of the band
assigned symmetrical stretching vibration of terminal Mo=0O groups increases with the Mo con-
centration within the first 6 days and then stays constant while the intensity of the band as-
signed to the asymmetric stretching vibrations of mono-oxobridges appears, which is in agree-
ment with the observation of increasing relative abundance of the larger polymers after 6 days.

The relatively complicated distribution of species might have implications on the actual repro-
cessing steps of the Mo-IMF, because different species can exhibit a different behaviour during

liquid-liquid extraction steps.
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Figure 108: Raman spectra of solutions obtained by dissolving a Mo pellet in 1 mol/L HNO3, at 60 °C
after different amounts of time. Intensities of the spectra were normalized based on the
nitrate band.

Mixes Molybdenum Iron Species

Additionally, a solution containing molybdenum and iron (ratio 1:1) was investigated. For this
purpose, a stock solution containing 1 mol/L Fe(NOs)3'9H,O was prepared and added to a
molybdenum sample. The sample was measured after a few days as well as after 14 month.
The spectrum of the fresh solution shows the presence of pentavalent and hexavalent Mo
species in the solution (compare Figure 109). One monomeric pentavalent molybdenum spe-
cies ([MoYOOHNO3]*) and two dimeric and one trimeric hexavalent Mo species ([Mo20sOH]",
[Mo20sNO3]*, and [Mo3sOsOH]*) are detected. Additionally, the spectrum shows mixed iron mo-
lybdenum species: [Mo"'O2Fe"(NOs)(OH)]* (rel. abundance about 7% of the Mo solution spe-
cies), [Mo",0sFe"NO3(OH)s]* (rel. abundance about 13% of the Mo solution species) and
[MoV¥,03Fe"(NO3)s(OH]*. This is however merely a chemical formula and each species con-
tains water molecules. So it might be in the case of [Mo",0sFe""NO3(OH)s]* species that this
is actually [Mo"',0sFe""NO3OH-H,Q]*. However the [Mo.0s]?* ion is known from the litera-
ture.['"": 233 The same applies to the [Mo"'O2Fe"NO;OH-H,0]* species. This cannot be distin-
guished on the basis of the chemical formula. However, these are clearly mixed iron-molyb-
denum species. Concentration artefacts are unlikely as the mixed species do not consist simply
of the corresponding main species. Besides the presence of Fe(lll) the spectrum shows that
Fe(ll) is present in solution in spite of the oxidizing condition in strong nitric acid. Since the
conditions in the electrospray (positive mode) are also oxidizing, experimental artefacts are
unlikely. Iron(l11) is well known to oxidize Mo(V) complexes, in acidic aqueous solution.!''?
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Figure 109: MS spectrum of a fresh solution containing Mo and Fe(lll) 1:1, [*®®Mo] = 10 mmol/L, [Fe] =
10 mmol/L in 1 mol/L HNOs.
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After the sample has been aged for 14 month the spectrum (Figure 110) additionally shows
two hexavalent molybdenum hydroxide complexes (tetrameric Mo4O+11(OH)* and pentameric
Mos014(OH)*) and two mixed iron molybdenum species (Mo"';0sFe"(NO3z)(OH)s* and
Mo"'4011Fe(NO3)(OH)s*). The mixed iron molybdenum species might be responsible for faster
dissolution and for not forming precipitates. However, further methods are necessary to con-
firm these species. Identical samples as well as Mo metal samples for insitu investigations
during dissolution were prepared for Mo K-edge X-ray absorption spectroscopy (XAS) at the
ANKA facility at Karlsruhe. However, the intensity was insufficient for appropriate data evalu-

ation.
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Figure 110: MS spectrum of a solution containing %Mo and Fe(lll) 1:1, [*®Mo] = 10 mmol/L, [Fe] =
10 mmol/L in 1 mol/L HNOs, which was aged for 14 month.
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The relative abundances in relation to all molybdenum species of molybdenum polymers in the
fresh or aged solution are compared in Figure 111. The sum of molybdenum polymers (Figure
111) and mixed iron molybdenum complexes (Figure 112) corresponds to the molybdenum
species as a whole. In agreement with the observations on samples containing no iron, larger
polymers form with increasing time. In the fresh solution the dimer is the dominant species,
whereas the trimer is dominant in the aged solution. In accordence with the molybdenum
polymers, larger mixed iron molybdenum species are formed over time as can be seen from
Figure 112. However, only complexes containing a single iron atom are detected. The shares
of molybdenum, which occur in mixed iron molybdenum or pure molybdenum species are com-
pared in Figure 113. Over time more mixed species form, while the percentage of pure molyb-
denum species decreases. The formation of these mixed iron molybdenum complexes is prob-
ably the reason for the increased dissolution rate and the higher solubility of molybdenum in
nitric acid in the presence of iron.
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Figure 111: Relative abundances of Mo polymers in a fresh or aged solution (®®Mo:Fe(lll) 1:1, [*¥Mo] =
10 mmol/L, [Fe] = 10 mmol/L in 1 mol/L HNOs) in relation to all Mo species.
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Figure 112: Relative abundances of mixed iron Mo complexes in a fresh or aged solution ( ®8Mo:Fe(lll)
1:1, [*®Mo] = 10 mmol/L, [Fe] = 10 mmol/L in 1 mol/L HNO3) in relation to all Mo species.
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mixed species Mo species
Figure 113: Rel. abundances of Mo in mixed Fe-Mo complexes and pure Mo species in a fresh or aged
solution (°8Mo:Fe(lll) 1:1, [*8Mo] = 10 mmol/L, [Fe] = 10 mmol/L in 1 mol/L HNO3).

4.2.3.2 Commercially Available ESI/MS/MS Instrument (QTrap)

Analogous solutions of molybdenum with natural isotopic composition were analysed with a
commercially available ESI/MS/MS instrument (QTrap). With the QTrap instrument the meas-
urement time is reduced to a few minutes, making routine measurements possible. However,
due to potential corrosion problems the samples need to be diluted prior to measurements,
which might influence the speciation.

Development of a Measuring Protocol

The spectrum of the sodium molybdate (NaxMoO.) stock solution is shown in Figure 114. Mon-
omeric molybdate can be assigned in the spectrum; the isotope pattern in the spectrum is
consistent with the calculated pattern. In contrast to measurements with the ALBATROS, ani-
onic species were detected with the commercial device, which is due to the dilution of the
samples. This change in speciation is attributed to changes in the outer coordination sphere,
because the polymerization of molybdenum was found to be slow.
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Figure 114: Sodium molybdate stock solution 10 mmol/L Mo in water, dilution 1:100 in water, then 1:10
in 50% AcN, measurement parameters: Q1 Scan, negative ion mode, MCA, IS -4.5 kV, DP
-40 V.



Molybdenum as CerMet Matrix Element 119

The spectrum of the ammonium molybdate (para) hydrate ((NH4)sMo7024-4H-0) stock solution
is shown in Figure 115. According to Gmelin['%l, the composition of ammonium para molybdate
is usually not known precisely and the compound decomposes easily to form the tetra- and
trimolybdate. Therefore, the compound is not useful as a single standard for the heptamolyb-
date. However, it can be used as mixed standard to optimize ESI conditions and to study the
solvent effect on the polyoxomolybdates. The mass spectrum obtained matches the literature.
On the basis of the m/z values and the isotope pattern (compare with the calculated pattern
shown in red) singly charged anions of tri-, tetra -, penta-, hexa- and heptamolybdate are as-
signed. When considering the peak width it is noticeable that m/z 407, 480, 563, and 624 are
smaller in width (15 u) then those already identified as the singly charged anions. This indicates
doubly charged anions, which is confirmed by the occurrence of intervals of 0.5 u within the

isotope pattern.
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Figure 115: Ammonium molybdate (para) hydrate stock solution 10 mmol/L in water, dilution 1:10 in
50% and 5% AcN, and in 1% HNOs dilution 1:20 in 5% AcN; measurement parameters: Q1
Scan, negative ion mode, IS -4 kV, DP -175 V.
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Figure 116: Para molybdate, MS/MS of 881.5, CE -50 eV (left); CE -80 eV (right).

For further characterization and study of the stability of the detected polymolybdate anions
MS/MS experiments were performed for the hexamolybdate (m/z 881.5) and the tetramolyb-
date (m/z 590). Di-, tri-and tetramolybdate were detected as fragment ions at the fragmentation
of the hexamolybdate with 50 eV collision energy (CE, compare Figure 116). At higher CE (80
eV) the monomeric molybdate (m/z 1623 is also detected. At 50 eV only partially fragmentation
of the ion at hexamolybdate occurs. This indicates a relatively high stability of the molecule, so
that artefacts are unlikely due to fragmentation in the ESI source. In fragmentation of the tetra-
molybdate the product ions are of the monomeric molybdate and the dimolybdate. Also here,
a collision energy of at least 40 eV is required to achieve substantial fragmentation.
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Figure 117: Comparison of the spectra of para molybdate from aqueous stock solution (orange) and
1% HNO3 (red) diluted in 5% AcN.
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In addition, a stock solution of para molybdate in 1% HNO3; was prepared. When measuring
the dilution of this stock solution, no doubly charged anions are detected. This is apparently
due to the lower pH in this standard solution. The further comparison of the spectra of para-
molybdate from aqueous stock solution and 1% HNO3 shows a splitting of the signals of the
singly charged molybdate anions (compare Figure 117). The enlargement shows distances of
17 or 18 u, which can be explained by elimination of water from the molecule. In addition, a
series of signals occur which have the same spacing to each other as the singly charged pol-
ymolybdate anions (about 150 u, corresponding to MoOs in the assigned series): 372, 515,
662 and 807. These signals occur approximately in the middle between the polymolybdate
anion. These Signals are not yet identified. The spectrum of a molybdenum solution in
0.1 mol/L HNO:s is displayed in Figure 118. Signals with isotopic pattern of Mo were detected
only in the m/z range < 300 u. The magnification shows monomeric molybdate (m/z 162). The
isotope pattern is slightly modified in comparison with the calculated patterns. This may possi-
bly be an effect of the spectra accumulation. The signal at m/z 249 has almost the same iso-
tope pattern as molybdate, and is therefore probably also a Mo compound with one Mo atom.
Due to the low HNO3 concentration in this sample, a formation of polymolybdates is not ex-
pected. Therefore, the spectrum obtained is reasonable.
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Figure 118: 0.1 mol/L HNOs, 20.5 g/L Mo, dilution 1:100 in deionized water, then 1:10 in 50% AcN,
measurement parameters: Q1 scan, negative ion mode, MCA, IS -4.5 kV, DP -40 V.
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In short measurement time (5 min), a mean spectrum was obtained for molybdenum in 1 mol/L
HNO3s (Figure 119), which shows a similar structure as the spectrum of para molybdate in 1%
HNOs. Therefore, the split signals of the singly charged anions polymolybdate were assigned
analogously to the para molybdate. Despite 100-fold dilution of the sample, the signal intensi-
ties of the polymolybdates are in the range from 10,000 to 100,000 cps.
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Figure 119: 1 mol/L HNOs, ca. 20 g/L Mo, dilution: 1:100 in 5% AcN, measurement parameters: Q1
scan, negative ion mode, IS -4 kV, DP -175 V (blue) compared to para molybdate in 1%
HNOs (red).

For the simplified semi-quantitative estimation of the relative concentrations of the polymolyb-
dates in the sample at this time only the peak area (in the selected double peak areas) can be
used. It must be assumed that the spectrum represents the real distribution of polymolybdates
in the sample solution and all polymolybdates can be detected with the same sensitivity as
discussed in detail in section 3.4.2.1. The relative abundance was calculated from the peak
area relative to the sum of all polymolybdates. The comparison of relative abundances ob-
tained for Mo in 1 mol/L with the QTrap and the ALBATROS ESI-ToF (Figure 120), shows in
both cases dimolybdate as the most common Mo species. In measurements with the QTrap
the monomeric molybdate and the hexamolybdate show higher abundances and the tetra- and
pentamolybdate lower abundances compared to measurements with the ALBATROS ESI-ToF.
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Figure 120: Comparison of relative abundances obtained for Mo in 1 mol/L with the QTrap and the
ALBATROS ESI-ToF.
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However, the distribution obtained with the commercial instrument is similar overall and there-
fore a further development of this method is promising with the potential to shorten the meas-
urement time as well as to perform alternative, independent measurements. The complexity of
the spectra is much lower despite the use of natural Mo with the total isotope pattern compared
to the spectra of ALBATROS ESI-ToF of the undiluted ®Mo samples with a high degree of
solvent adducts and signal overlap. Nevertheless, one has to bear in mind that dilution of sam-
ples is necessary for measurement with the Qtrap and the spectra might not represent the true
speciation of Mo in solution.

A comparison of the relative abundance from the peak area for dilution of aqueous stock solu-
tion of para molybdate in 50% AcN and 5% AcN and the dilution of stock solution in 1% HNO3
with 5% AcN is displayed in Figure 121. The relative proportions of penta- and hepta- molyb-
date are very similar, whereas the heptamolybdate was not detected in the dilute HNO3 stock
solution. The influence of the acetonitrile concentration is low, a significant difference is for the
hexamolybdate. The stock solution in 1% HNO3 in comparison to the stock solution in water
shows mainly differences for the tri- and tetramolybdate.
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Figure 121: Comparison of the relative abundance from the peak area for dilution of aqueous stock
solution of para molybdate in 50% AcN and 5% AcN and the dilution of stock solution in
1% HNO3 with 5% AcN.

The comparison of the relative abundance of polymolybdates (stock solution in 1% HNO3) with
the molybdenum metal sample (in 1 mol/L HNOs3) shows almost the same distribution (Figure
122). Either the low-molecular polymolybdates exist in the sample in a higher proportion than
the larger polymers or the ionization efficiency decreases significantly with increasing degree
of polymerization.
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Figure 122: Comparison of the relative abundance of polymolybdates (stock solution in 1% HNO3) with
the molybdenum metal (in 1 mol/L HNO3) sample.

As a next step, the influence of the solvent (AcN) on the relative abundance of polymolybdates
in the molybdenum sample in 1 mol/L HNO3; was systematically investigated. The spectra of
the 1:100 dilution in 5% AcN at the beginning and at the end of the measurement series are in
good agreement, so that direct comparison of the signals of the measured sample series is
possible without drift correction. Each sample was measured at three different DP (decluster-
ing potential): -40 V, -100 V and -175 V. A comparison of the obtained spectra is displayed in
Figure 123.
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Figure 123: Comparison of the obtained spectra measured at three different DP (declustering poten-
tial): -40, -100 and -175 V.

The Mo metal sample was diluted 1:100 with different acetonitrile proportions in the solvent
(0%, i.e. deionized water, to 99 % acetonitrile, Figure 124). The superposition of the obtained
spectra for DP -100 V shows increasing signal intensity with increasing AcN content. At high
AcN concentrations (> 50%) additional signals occur (highlighted in Figure 124).
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Figure 124: Superposition of spectra for DP -100 V with different AcN in the solvent.

The quantitative analysis was based on the peak areas. According to the integration limits in
the example shown above (Figure 119), the signals of the Polyoxomolybdates 1 - 6 were inte-
grated. The following illustration compares the abundance of the polymolybdates with different
acetonitrile proportions in the solvent for different declustering potentials. Figure 125 shows
significant differences between the individual samples for DP -40 V. This is partly due to the
adducts in the spectra. For DP -100 V and -175 V no significant dependence of the relative
signal intensities of the polyoxomolybdates of the solvent composition is noted for 0 to 25%
AcN. In AcN content > 50% occur light differences occur for DP -100 V and clear differences
occur for DP -175 V. Thus, when using 25% AcN (or less) no formation of artefacts by the
solvent appear in comparison to deionized water at the same dilution.
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Figure 125: Relative abundances of polyoxomolybdates with different acetonitrile proportions in the sol-
vent at DP -40 V.
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Figure 126: Comparison of different declustering potentials for the same sample (dilution 1:100, 25%
acetonitrile).

The comparison of different declustering potentials for the same sample (dilution 1:100, 25%
AcN) (Figure 126) shows good agreement for DP -100 V and DP -175 V. For DP -40 V differ-
ences occur for the mono-, di-, and the tetraoxomolybdate, probably due to fragmentation of
the polymolybdates at higher declustering potentials.

Analogous to the variation of the acetonitrile content at constant dilution factor, the influence
of the variation of the dilution factor was investigated for two solvents: water and 25% AcN.
The peak areas were integrated analogue and the relative percentage for each polyoxomolyb-
date of the sum of the peak areas were determined. First, the results for water as a solvent are
shown. The spectra of the Mo metal sample in 1 mol/L HNO3, dilution 1:100 in water at the
beginning of the measurement series and at the end are in good agreement, so that no drift
correction is required. The superposition of the spectra of different dilutions shows the same
peak distribution. The intensity at lower dilution is somewhat larger, but the increase in the
intensity is not proportional to the reciprocal value of the dilution factor. The higher concentra-
tion of matrix, particularly HNOs3, at a lower dilution appears to have a reduction in the ionization
or a signal suppressing the effect. The relative abundances of the polymolybdates for diverse
dilutions in water and with 25% acetonitrile were determined for three different declustering
potentials and are shown in water for a declustering potential of -40 V in Figure 127. The influ-
ence of the dilution factor on the relative abundances of the polymolybdates is low. Therefore,
dilution 1:100 appears well suited to hold matrix effects in the ionization low for water as sol-
vent. The potential to improve the detection sensitivity by reducing the dilution factor is low
(possibly a factor of 2).

The comparison of different declustering potentials for the same sample (dilution 1:100, water)
(Figure 128) shows good agreement for DP -100 V and DP -175 V. For DP -40 V differences
occur for the mono- and the tetraoxomolybdate, probably by formation of adducts that dissoci-
ate at higher DP, so that more stable results are obtained.

Variation of the dilution in the range 1:200 to 1:10 appears unproblematic in terms of stability
of the polyoxomolybdates (Figure 129).
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Figure 127: Rel. abundances of the polymolybdates for diverse dilutions in water, DP -40 V.
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Figure 128: Comparison of different DP for the same sample (dilution 1:100, water).
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Figure 129: Relative abundances of the polymolybdates for diverse dilutions in 25% AcN, DP -40 V.
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Figure 130: Comparison of different DP for the same sample (dilution 1:100, 25% AcN).

The comparison of different declustering potentials for the same sample in 25% AcN (dilution
1:100, Figure 130) provides similar results as in water. Declustering potentials of -100 V and -
175V show good agreement, for -40 V differences occur for the mono- and the tetraoxomo-
lybdate.

In summary it can be said, that an acetonitrile content up to 25% does not significantly alter
the detected frequency distribution polyoxomolybdates in the samples. Addition of acetonitrile
has the advantage of higher signal intensity. Fragmentations occur at higher declustering po-
tentials (DP -100 V and DP -175 V). Suitable conditions are 1:100 dilution (if necessary 1:200
to 1:50), as well as on the one hand deionized water as the solvent and on the other hand 25%
AcN. Nevertheless, each dilution of the sample represents a dramatic intervention to the sys-
tem and might influence the speciation of molybdenum. It is absolutely necessary to ensure
that the detected species correspond to those which exist in the sample. Therefore the kinetics
of the transformation of species upon dilution should be investigated. The validation of the
quantitative determination remains problematic due to lack of stable individual standards of
polyoxomolybdates species, i.e. the species dependent ionization efficiency cannot be cor-
rected.

Speciation of Molybdenum as a Function of Acid Concentration

Mo samples in 0.1, 1, 2, 3, 4 and 7 mol/L HNO3 were diluted in water 1:100 and measured by
direct infusion in the negative ion mode at a declustering potential of -40 V. The quantitative
evaluation was performed as before by determining the peak areas (integration) for the signals
of the polyoxometalates. The relative abundance of polyoxomolybdates was calculated from
the ratio of each peak area to the sum of all peak areas. The relative abundances of
polyoxomolybdates in nitric acid of different concentrations is depicted in Figure 131. In
0.1 mol/L HNOs (blue diamonds) the monomere is the dominant species. The relative
abundance of the polymeres decreases with increasing size. With incresing acid concentration
the relative abundance of the monomeric species decreases. In = 1 mol/L HNO3 the dimere is
the dominant species, whereas the abundances of the remaining polymers are similar. This is
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most pronounced in 7 mol/L HNOs (orange circles). A strong tendency of molybdenum to di-
merize at high acid concentrations especially in perchloric acid medium has been reported
beforel'21-124, 130-131, 234-235] gnd js also in agreement with former investigations on the solution
species of MoQOs in nitric acid medium1,
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Figure 131: Relative abundances of polyoxomolybdates in nitric acid of different concentrations
(dilution 1:100 in water, DP -40 V).

The relative abundances of the different Mo polymers in nitric acid as a function of the acid
concentration of the initial sample are depicted in Figure 132 for the range from 0.1 to 7 mol/L
HNOs. With increasing acid concentration the relative abundance of the monomer decreases,
whereas the relative abundance of the dimer is constant in the concentration range from 0.1
to 4 mol/L and significantly increases at a higher concentration. The relative abundances of
the larger polymers are similar in the considered concentration range.
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Figure 132: Relative abundances of the different Mo-polymers in nitric acid as a function of the pH of
the initial sample (dilution 1:100 in water, DP -40 V).
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Speciation of Molybdenum as a Function of Fe(lll) Concentration

Samples with increasing iron concentration were measured analogous to the samples without
iron in the negative mode. The superposition of spectra of molybdenum in 1 mol/L HNO3
without iron and containing 1 mol/L Fe(NOs)s is displayed in Figure 133. Numerous small-width
signals occur corresponding to the isotope pattern of a mono-Fe compound, while the pure
molybdenum species cannot be identified.
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Figure 133: Superposition of spectra of molybdenum in 1 mol/L HNO3 without iron and containing
1 mol/L Fe(NOs3)s for DP -100 V, dilution 1:100 in water.

A selected region of the section of the mass spectra of molybdenum in 1 mol/L HNO3 without
iron(lll) and containing different amounts of iron(lll) is compared in Figure 134. Three signals
appear at m/z 314, m/z 330, and m/z 346, which can be assigned to mono-Fe spieces. The
intensity of these signals increases with the iron concentration. Aditionally, a series of signals
m/z 335 — 345 is detected, which reveals the isotopic pattern of a mono Mo-species. Based on
the m/z this species can be assigned to MoOsFe(NOs3)..
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Figure 134: Superposition of spectra of molybdenum in 1 mol/L HNOs without iron and containing
different amounts of Fe(NOs)s for DP -100 V, dilution 1:100 in water.
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Figure 135 and 137 compare the spectra of Mo in 1 mol/lL HNOs containing 0.25 mol/L
Fe(NOzs)3 and without iron. Between m/z 280 and 310 a dimolybdate signal appears for the
reference sample without Fe(lll) (blue), for the sample with 0.25 mol/L Fe(lll) (green) a signal
is detected with low intensity; for higher iron contents (not depicted for the sense of clearness)
no signal is detected. The same trend is observed for other molybdate signals. On closer in-
spection, additional signals are identified which are attributed to mixed Fe-Mo-species and are
labelled accordingly in the diagram. The mixed species are composed according to the same
system from the pure molybdenum species and one or two iron atoms and hydroxide or nitrate
as found with the ALBATROS ESI-ToF. The relative abundances were calculated as described
above. However, due to the overlap of some species in the mass spectra and because not all
peaks could be assigned the abundances should be regarded as approximate only. Besides
pure molybdenum species (27.6%), species containing one (39.7%) or two (32.7%) iron atoms
were detected. If all species with the same number of Mo atoms but different number of iron
atoms are considered together, the abundances of the polymers in 1 mol/L HNO3 with or with-
out iron are similar.
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Figure 135: Superposition of spectra of molybdenum in 1 mol/L HNO3s without iron and containing
0.25 mol/L Fe(NOs)s for DP -100 V, dilution 1:100 in water.



132 Results and Discussion

——wl/o Fe
0.25M Fe(lll)

M03010Fe(NO3)2'
Mo,0,Fe,(NO3),

Mo,013Fez(NO3)s
MosO49Fe(OH),"

} Mo;O10Fe:(NOs)s
} MosO,sFe(OH),-
T MoOuH

.ub.,ml\u

850 900 950 1000

Intensity (a.u.)
——
e——l

X

‘IM«-

550 600 650

T
o)
o
=
! ﬁ
. \*““’“‘» !
700 750

m/q

Figure 136: Superposition of spectra of molybdenum in 1 mol/L HNOs without iron and containing
0.25 mol/L Fe(NOs)s for DP -100 V, dilution 1:100 in water.



Extraction Studies 133

4.3 Extraction Studies

Extraction studies with tri-n-butyl-phosphate (TBP) were performed under PUREX conditions.
The extractability of Mg and Mo as well as the influence of macro amounts of matrix material
on the extraction of U(VI), Eu(lll), and Am(lll) were examined. The two well-known DIAMEX
type extractants N,N’-dimethyl-N,N’-dioctylhexylethoxymalonamide (DMDOHEMA) and
N,N,N’,N’-tetraoctyldiglocylamide (TODGA) were studied for actinide(lll) and lanthanide(lIl) ex-
traction.

First, the extractability of Mg?* and Mo®" was investigated by the PUREX solvent 30% TBP in
TPH. Additionally, the influence of increasing Mg and Mo concentration on uranium, americium
and europium extraction was studied. For this purpose the solutions were spiked with trace
amounts of "*U, 2'Am and "52Eu, although Mo(VI) is a known complexing agent for U(VI).[2%!

With the PUREX solvent Mg was not extracted (D<0.1). Uranium was well extracted with dis-
tribution ratios of ~ 25 (Figure 137, left). Americium and europium were poorly extracted with
D-ratios < 0.1, although at the highest initial Mg concentration an increase in the Am/Eu distri-
bution ratios was observed. This was caused by the decreasing acid concentration as shown
in Table 10 and Table 11 for the Mg and the Mo system, while the nitrate concentration was
constant. It is well known that TBP extracts also nitric acid at high acidity by solvation
mechanism. Thus at low acitity the free TBP concentration in the organic phase is higher,
resulting in increased uranium, americium and europium distribution ratios. Molybdenum was
also not extracted (D < 0.1). Uranium was well extracted in the presence of molybdenum with
distribution ratios of ~ 22 (Figure 137, right). Americium and europium were poorly extracted
with D-ratios ~ 0.1. No 3™ phase formation or precipitation was observed in both cases.
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Figure 137: Distribution ratios of Mg(ll), Eu(lll), Am(lIl), U(VI), and Mo(VI) using TBP in the organic
phase and nitric acid solutions with increasing Mg or Mo concentrations in the aqueous
phase. Lines are a guide to the eye. Org: 30% TBP in TPH, Aq: left: increasing amount of
Mg (8 mg/L — 38 g/L) in initially 3 mol/L HNOs, right: increasing amount of Mo (10 mg/L —
90 g/L) in initially 3 mol/L HNOs.
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Magnesium as well as molybdenum were not extracted by the PUREX solvent 30% TBP in
TPH, but remained in the aqueous phase together with the lanthanides and minor actinides.
Therefore, the extractability of MgO and Mo by DIAMEX type solvents as well as their influence
on the extraction of actinides and lanthanides is explored in the next step.

With the DIAMEX solvent, a fine precipitation was observed at cin(Mg) = 38 g/L. Magnesium
was not extracted with D-ratios ~ 0.01 at the lower initial Mg concentrations. However, an
increasing extraction of Mg was observed at the highest initial Mg concentrations. The increas-
ing extraction of Mg with DMDOHEMA was surprising and needs to be further investigated.
However, the behaviour of the actinides (U, Am) and Eu is in line with literature data. Uranium
was highly extracted (D ~ 100), and Am (D ~ 5) and Eu (D ~ 3) were well extracted (Figure
138, left). Third phase formation was also observed in the Mo system at cin(Mo) = 43 g/L and
a precipitation occurred at cini(Mo) = 90 g/L. This was due to the good extraction of Mo by
DMDOHEMA, with D-ratios reaching a maximum of 4 (Figure 138, right). Uranium was very
well extracted (D > 100), and Am (D ~ 4) and Eu (D ~ 2) were well extracted.
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Figure 138: Distribution ratios of Mg(ll), Eu(lll), Am(lll), U(VI), and Mo(VI) using DMDOHEMA in the
organic phase and nitric acid solutions with increasing Mg or Mo concentrations in the
aqueous phase. Lines are a guide to the eye. Org: 0.6 mol/L DMDOHEMA in Exxsol-d80,
Aq: left: increasing amount of Mg (8 mg/L — 38 g/L) in initially 3 mol/L HNOs, right: increas-
ing amount of Mo (10 mg/L — 90 g/L) in initially 3 mol/L HNOs.

In the presence of macro amounts Mg, no 3 phase formation or precipitation was observed
with TODGA. Magnesium was not extracted with D-ratios ~ 0.01. Uranium was well extracted
with D-ratios ~ 10 and Am and Eu were very well extracted with D-ratios > 100 (Figure 139,
left). In the case of molybdenum a fine precipitate was observed at cini(Mo) = 90 g/L. Molyb-
denum was moderately extracted with D-ratios of 2.5 at low initial Mo concentration, while
decreasing Mo distribution ratios are observed at higher Mo concentrations (Figure 139, right).
Uranium was well extracted with D-ratios ~ 10 and Am and Eu were very well extracted with
D-ratios >100.
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Figure 139: Distribution ratios of Mg(ll), Eu(lll), Am(Ill), U(VI), and Mo(VI) using TODGA in the organic
phase and nitric acid solutions with increasing Mg or Mo concentrations in the aqueous
phase. Lines are a guide to the eye. Org: 0.2 mol/L TODGA in Exxsol-d80, Aq: left: increas-
ing amount of Mg (8 mg/L — 38 g/L) in initially 3 mol/L HNOs, right: increasing amount of
Mo (10 mg/L — 90 g/L) in initially 3 mol/L HNOs.

The extraction results show that Mo is partly extracted by DMDOHEMA and TODGA, causing
3 phase formation or precipitation problems at the highest initial Mo-concentrations. The be-
haviour of the actinides (U, Am) and Eu is in line with literature data.[237-24%
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4.4 Separation of Molybdenum by Thermal Treatment

Due to the complexity of the molybdenum dissolution the separation of the matrix material from
the fuel by thermal treatment was considered as an alternative. The option to separate the
molybdenum from the remaining fuel by sublimation has been studied through TG-DSC and
furnace experiments. The residues were analysed by powder XRD.

4.41 Pure Molybdenum

The feasibility of the distillation of molybdenum was first verified with pure molybdenum powder
in the furnace set-up displayed in Figure 23 (page 53). A sample of pure molybdenum was
quantitatively evaporated and recovered at the end of the oven as pale yellow crystals at the
inside of the quartz tube (compare Figure 140). The crystals were dissolved in sodium hydrox-
ide solution for quantification by ICP-MS. The TG-DSC diagram (Figure 141) reveals the oxi-
dation of molybdenum at 543 °C with a mass increase of 50%, which corresponds to the oxi-
dation to MoOs. This is also confirmed by the XRD pattern of the product which is displayed in
Figure 142. The evaporation of the MoOs at 804 °C can also be observed in the TG-DSC
diagram.

Figure 140: Photograph of the quartz tube after the experiment with pale yellow crystals at the end of
the oven and empty quartz boat.
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Figure 141: TG-DSC measurement on molybdenum powder (app. 10 mg) with a heating rate of
10 °C/min up to 850 °C, holding time 1 h, synthetic air.
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Figure 142: XRD pattern of the product of thermally treated molybdenum powder.

4.4.2 Mo/CeO2 Powder Mixtures (TG-DSC)

The TG-DSC diagram of a Mo/CeO- (60/40 wt.%) powder mixture (Figure 143) reveals the
oxidation of molybdenum at 552 °C with a corresponding mass increase of 25%, which corre-
sponds to the oxidation to MoOs. The peak at 674 °C corresponds to a solid state reaction of
MoOj3 and CeO-, which has been described in the literature.?*'-2421 The phase diagram of the
MoO3-CeO, system is displayed in Figure 144, the region corresponding to the sample com-
position is marked in green in the diagram. An alternative progression of the melting curve,
which is better described by the data, is drawn in blue. Nevertheless, after the initial mass gain
due to the oxidation, a continuous mass reduction due to the evaporation of MoOsis observed.
At 785 °C the decomposition of the mixed oxide Ce2Mo401s, in which Cez(MoOs)s; and MoOs3
are generated®?, takes place in parallel. However, the MoO; could not be quantitatively evap-
orated during the experiment. A mass decrease to 40% of the initial mass was expected. Nev-
ertheless, an additional holding time is expected to enhance the mass loss, because the mass
still decreases at the end of the experiment. A further increase in temperature is not considered
because it might lead to the evaporation of other components of the actual fuel.
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Figure 143: TG-DSC measurement on Mo/CeOz2 (60/40 wt.%) powder with a heating rate of 10 °C/min
up to 1000 °C.
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Figure 144: Phase diagram of the MoO3-CeO: system. Taken from Ustinov et al.?*3 The region corre-
sponding to the sample composition is marked in green. An alternative progression of the
melting curve is drawn in blue. L: liquid.

4.4.3 Mo/CeO2 Powder Mixtures (Furnace Experiments)

For the constant temperature “furnace” experiments with the tube furnace a powder mixture
containing 60 wt.% Mo and 40 wt.% CeO2 was used. The same batch of powder was used for
all experiments. First the furnace was heated to the desired temperature, and then the powder
mixture (about 120 mg) in a quartz boat was positioned in the middle of the furnace with a feed
rod. Temperatures between 650 and 900 °C were investigated. The solid state reaction of
MoO3 and CeO:; is expected to occur from temperatures around 670 °C as observed in the
phase diagram of the MoO3-CeO3 system (Figure 144) and was also confirmed by TG-DSC
measurements, as described above. Therefore, a lower temperature was studied. Tempera-
tures above 900 °C were not investigated, because fission products are expected to vaporise
at elevated temperatures. The amount of molybdenum recovered (as MoOs) from Mo/CeO.
(60/40 wt.%) powder mixtures as function of time for different temperature is displayed in Fig-
ure 145. Four or five experiments with different holding times were performed for each tem-
perature. The molybdenum was recovered at the end of the furnace in the cold zone (compare
Figure 140), dissolved in 5 mol/L NaOH solution and quantified by ICP-MS. The recovery of
molybdenum increases with heating time and temperature, but is rather similar for tempera-
tures between 650 and 800 °C. A temperature of 900 °C is needed to significantly improve the
recovery. However, under the investigated conditions only up to 25% of the molybdenum could
be retrieved.
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Figure 145: Recovery of molybdenum (MoOs3) from Mo/CeOz2 (60/40 wt.%) powder mixtures at the end
of the oven as function of time for different temperatures.

The chemical compositions of the residues of thermally treated Mo/CeO, (60/40 wt.%) powder
mixtures at 650 and 800 °C for 250 min were determined by XRD and are displayed in Figure
146 and Figure 147 respectively. The 20 range was limited to 22-36 ° as reference data was
available for this range. The XRD pattern of the residue after treatment at 650 °C is dominated
by MoOs. This temperature is sufficient for oxidation of the molybdenum, but higher tempera-
tures are needed to evaporate the oxide. Additionally, CesMo012049 and Ce;MosO15 are de-
tected as expected. As reported by Wu et al.?*"! both phases form at temperatures above
500 °C depending on the Mo-Ce ratio. At 800 °C the bulk MoOs is evaporated. In addition to
the two molybdenum cerium oxides also formed at 650 °C a third oxide CeMosOs is detected.
This phase is formed only at significantly higher temperatures.?* Additionally, the thermal
behaviour of Mo metal and MoOs was compared. Therefore, an additional powder mixture
which contains MoOs, was prepared, to investigate the influence of the molybdenum oxidation
on the recovery yield. To keep the molybdenum to cerium ratio equivalent to the other powder,
this mixture contains 69 wt.% MoOs3 and 31 wt.% CeO-. Five experiments with different holding
times were performed for each powder mixture. The comparison between molybdenum metal
and molybdenum oxide as a starting material is shown in Figure 148. The necessary oxidation
of the molybdenum metal has no significant effect on the yield.
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Figure 146: XRD pattern of the residue of a thermally treated Mo/CeO2 (60/40 wt.%) powder mixture at
650 °C for 250 min.
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Figure 147: XRD pattern of the residue of a thermally treated Mo/CeO2 (60/40 wt.%) powder mixture at
800 °C for 250 min.
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Figure 148: Recovery of Mo (MoOs) from Mo/CeO2 (60/40wt.%, Mo) and MoQO3s/CeO2 (69/31 wt.%,
MoOs3) powder mixtures at the end of the oven as function of time at 800 °C.
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4.4.4 Mo/CeO: Pellets (Furnace Experiments)

Additionally experiments have been performed with pellets. Mixed Mo/CeO- pellets have been
prepared after the same procedure as the pellets used for dissolution experiments. However,
due to the limited volume of the furnace, smaller pellets were prepared. The mass of these
pellets amounts to about 40 mg (compare section 3.1.4). The recovery of molybdenum (as
MoOs) from Mo/CeO- (60/40 wt.%) powder mixtures and pellets as function of time at 900 °C
is compared in Figure 149.
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Figure 149: Recovery of molybdenum (as MoQOs3) from Mo/CeO2 (60/40 wt.%) powder mixtures and pel-
lets at the end of the oven as function of time at 900 °C.

The recovery of molybdenum from pellets is much more effective. This is probably caused by
the formation of agglomerates during sintering of the pellets, which reduces the area of contact
of the MoO3 and CeO- phases and therefore hinders the solid state reaction. A optical micro-
scope image is displayed in Figure 150. Up to 86% of the molybdenum could be recovered
upon thermal treatment at 900 °C in 5 h. If the recovery of molybdenum as a function of time
followed the linear behaviour, a complete recovery would be achieved after 6 h.
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The XRD pattern of the residue of a Mo/CeQO2 (60/40 wt.%) pellet after thermal treatment at
900 °C for 210 min (Figure 151) shows CegM012049, Ce2M040+5, and CeMos0s. In addition
remaining Molybdenum is detected. This is probably the case because the oxygen cannot gain
access to some of the molybdenum grains and the molybdenum is not oxidized. No MoOs3 is
found, which means that all molybdenum which was oxidized also evaporated.
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Figure 151: XRD pattern of the residue of a thermally treated Mo/CeO2 (60/40wt.%) pellet at 900 °C for
210 min.

Figure 152 compares the recovery of molybdenum (as MoO3) from Mo/CeO- pellets of different
compositions within 20 min as function of temperature. In the case of pellets with 90 wt.% Mo

share the yield at 900 °C is significantly higher, which is probably due to the higher amount of
molybdenum accessible at the surface.
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Figure 152: Recovery of molybdenum (MoOs) from Mo/CeO:2 pellets of different compositions at the
end of the oven within 20 min as function of temperature.
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4.4.5 Mo/CeO:2 Pellets (TG-DSC)

These findings are confirmed by the TG-DSC measurements of powder and a pellet, which
are depicted in Figure 153. For the pellet a lower weight gain and significantly faster mass loss
are observed compared to the powder. Additionally the total mass loss at the end of the meas-
urement is significantly higher for the pellet although equilibrium has not been reached in both
cases. In the case of a powder the molybdenum loss amounts to 33% in relation to the molyb-
denum content, whereas 75% of the molybdenum in the pellet could be evaporated. For a final
assessment of the feasibility of the separation of molybdenum and cerium dioxide thermody-
namic modelling of the system would be an asset, but thermodynamic data on the Mo-Ce-O
system is sparse.
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Figure 153: TG-DSC measurement on Mo/CeO2 (60/40wt.%) pellet with a haeting rate of 10 °C/min up
to 1000 °C compared to an equivalent experiment with powder.

4.4.6 Mo/PuO:2 Mixtures (Considerations)

An experimental study on the thermal treatment of Mo/PuO_ mixtures was not possible, how-
ever some theoretical considerations were undertaken on the basis of the foregoing experi-
ments with Mo/CeO- mixtures and the phase diagram of the MoO3 — PuO; system, which has
been described in a Russian publication by Porokoshin et al.?*®! In the case of thermal treat-
ment of Mo/PuO- mixtures at equivalent conditions a mixed oxide PuMo20s is expected to
form, as can be seen from the phase diagram (compare Figure 154). This reaction will affect
the evaporation in a way similar to the MoO3 and CeO: solid state reaction. However, the bulk
of the Mo should be evaporated and the mixed oxide PuMo.Og could be dissolved as it is
soluble in nitric acid.?*s! The thermal treatment of the fuel is a promising method for the sepa-
ration of the bulk molybdenum to simplify the dissolution and minimize the effect on the liquid-
liquid extraction.
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Figure 154: Phase diagram of the MoO3-PuOs system. Taken from Porokoshin et al.[243]
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5 Conclusions and Outlook

The minor actinides (MA) and plutonium are the main contributors to long term radiotoxicity,
heat load and proliferation risk of radiotoxic waste generated during nuclear reactor operation.
A large amount of research at recent times is performed on the partitioning and transmutation
of these nuclides. One of the methods under consideration to reduce the long term radiotoxicity
of the remaining waste is burning the actinides in uranium free fuels in accelerator driven sys-
tems (ADS). The dissolution and separation issues for inert matrix fuels containing ceramic
magnesium oxide (CerCer) or metallic molybdenum (CerMet) has been investigated because,
except for the manufacturing, the handling of the inert component could be of a major concern
in a recycling process. In this context some major aspects have been considered to evaluate
the reprocessability of IMF: (1) optimal dissolution parameters and feasibility of a separation
during the dissolution process, (2) solution species of molybdenum in concentrated nitric acid,
(3) influence of the high contents of matrix on well-established extraction processes, and (4)
an alternative to dissolution of molybdenum in nitric acid.

Optimization of Dissolution Parameters — Pure matrix reference samples as well as sam-
ples containing CeO,, as surrogate for TRU oxide, were fabricated and thoroughly character-
ized. Batch dissolution experiments were used for a systematic macroscopic study of dissolu-
tion kinetics. Additionally, the evolution of the MgO pellet surface during the dissolution process
was investigated with a more sophisticated microscopic approach which allowed an estimation
of the total surface area of the pellet and establishment of a surface normalized dissolution
rate. The influence of Fe(lll) and NO2" ions on the dissolution behaviour of Mo was investigated.
To get closer to a real fuel Mo/PuO; pellets were dissolved to understand differences between
Ce02 and PuO: using the conditions optimized during inactive studies.

MgO dissolves via a two-stage mechanism including the intermediate formation of a brucite-
like surface layer. The microstructural investigations showed a heterogeneous evolution of the
pellet surface, which is attributed to the dissolution of different surfaces of a MgO crystal via
heterogeneous etch patterns and to an inhomogeneous density of the pellets. Accordingly,
some regions of the pellet dissolve fast, but a pellet structure remains until complete dissolu-
tion. Apart from the surface evolution additional evidence for a surface controlled dissolution
were obtained, such as an activation energy of 52 + 8 kd/mol. The dissolution of MgO is pos-
sible even under mild conditions (2.5 mol/L HNOs, RT). The average dissolution rates of MgO
in HNO3 of different concentrations are similar, and the dissolution rate is strongly dependent
on the dissolution temperature. The dissolution rate was normalized to the total surface area,
which was obtained by considering the additional surface area due to the formation of holes
and resulted in a dissolution rate of approximately 1.2:10” mg/m?d. The dissolution of the
MgO/CeO: pellets shows that during dissolution of MgO, the bulk CeO, remains undissolved
allowing a rough separation of MgO and CeO:. In all of the experiments less than 1% of CeO
was dissolved. A dissolution behaviour similar to that of CeO; is expected for PuO; so that
MgO could be separated in a first dissolution step at mild conditions, while the PuO2 would be
dissolved in an additional step utilizing e.g. HNO3 with Ag(ll) as catalyst.
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The dissolution rate of Mo was strongly dependent on the acid concentration as well as the
temperature. Molybdenum dissolves in nitric acid according to an autocatalytic mechanism
involving the formation of nitrous acid. The dissolution of Mo pellets in HNO3; was complex due
to its specific aqueous redox chemistry (Mo -Il - +VI) and precipitation phenomena due to Mo
polymerization at high acid and Mo concentrations. The addition of 1 mol/L ferric nitrate to the
acid mitigates precipitation at low nitric acid concentrations and accelerates the dissolution.
However, it is unclear whether adding high concentrations of Fe®* to the dissolver solution
could influence the subsequent extraction process. The trends of the dissolution kinetics of
molybdenum in nitric acid without Fe(lll) or containing 1 equivalent of Fe(lll) per equivalent of
Mo has been confirmed with mixed Mo/CeO, (60/40 wt.%) pellets at RT. The dissolution of
cerium dioxide is not influenced by Fe(lll). Dissolution tests on unirradiated PuO. pellets re-
vealed that while the solubility of molybdenum in nitric acid increases in the presence of iron,
the solubility of the actinides is further decreased. In 1 and 3 mol/L HNO3 without the addition
of iron about 2 and 3% of the plutonium dissolved respectively, while less than 0.1% of the Pu
dissolved in the presence of iron. Therefore, it seems that the matrix can be dissolved selec-
tively; the remaining residue is expected to be PuO,.

Solution Species of Molybdenum in Strongly Acidic Nitric Acid — the stoichiometry and
relative abundances of solution species in concentrated nitric acid medium was extensively
characterized and quantified by electrospray ionization mass spectrometry. The influence of
macro amounts of Fe(lll) on the speciation was also investigated. A method was developed to
analyse solutions of molybdenum with natural isotopic composition with a commercially avail-
able ESI/MS/MS instrument (QTrap) to reduce the measurement times of the homemade nan-
ospray ion source ALBATROS and implemented to investigate the pH and Fe(lll) concentration
dependence of the Mo speciation.

Mo pellets dissolve rather slowly in 1 mol/L nitric acid at RT. Within the first 3 days, only about
10 %of the Mo pellet dissolves. However, the low concentrations and low timespan leads to a
rather simple species distribution: the largest oligomers that form are pentameric Mo species,
the dimers have by far the largest relative abundance. With further dissolution of Mo, larger
oligomers are formed with up to 10 Mo moieties. Hexameric species are absent in all samples
measured with the ALBATROS. Besides the Mo(VI) species, a small fraction of Mo(V) is ob-
served in all the spectra. These species seem to form as intermediate species in the dissolution
process. After some time, the Mo(V) fraction is oxidized to Mo(VI) in the solution and these
species disappear in the spectra of aged solutions.

In contrast to measurements with the ALBATROS, anionic species were detected with the
commercial device, which is due to the dilution of the samples. This change in speciation is
attributed to changes in the outer coordination sphere, as the polymerization of molybdenum
was found to be slow and the relative abundances of the polymers measured with the ALBA-
TROS and the QTrap were similar. The dissolution behaviour might have implications for the
actual reprocessing steps of the Mo matrix fuel. When the molybdenum is completely dis-
solved, the species distribution is rather complicated. Each of the many different species can
exhibit a different behaviour during liquid-liquid extraction steps. The dissolution of molyb-
denum metal in nitric acid is enhanced by the addition of Fe(NOs)s to the solution. Besides the
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expected molybdenum species a variety of mixed Mo-Fe species containing one or two Fe-
atoms were detected. Furthermore, a part of the Fe(lll) added to the solution was detected in
its reduced form Fe(ll), in spite of the oxidizing conditions in both, strong nitric acid and the
ESI needle tip. This hints to an involvement of the Fe(lll) as a redox partner in the dissolution
processes of Mo metal, although the detected mixed species contain only Fe(lll). The mixed
Mo-Fe species in solution could explain the enhanced dissolution kinetics of Mo-metal in the
presence of Fe(lll). Furthermore, redox reactions between molybdenum and iron seem to play
arole.

Impact of Matrix Materials on Extraction Process — The extractability of Mg and Mo as well
as the influence of macro amounts of matrix material on the extraction of U(VI), Eu(lll), and
Am(Ill) were examined.

The matrix elements Mg and Mo were not extracted using the PUREX solvent. In the DIAMEX
solvent Mg was extracted at low acidity, while Mo was extracted with moderate distribution
ratios. The TODGA solvent did not extract Mg, but Mo was slightly extracted at low Mo con-
centrations. However, both the DMDOHEMA and the TODGA system suffer from 3™ phase
formation and precipitation issues, which will have to be resolved.

Alternative to Dissolution of Molybdenum — The separation of the matrix from the fuel by
thermal treatment was considered as an alternative to the very complex dissolution of Mo
based IMF. For this purpose an apparatus was constructed and the investigation was com-
pleted by subsidiary TG-DSC experiments. Additionally, the residues and products were ana-
lysed by powder XRD.

Molybdenum was quantitatively recovered as pale yellow crystals, which were identified as
MoO3 by XRD. During thermal treatment of Mo/CeO, mixtures CesMo12049, Ce2M04015, and
CeMos0s were detected as expected due to a solid state reaction which was reported before.
Up to 86% of the molybdenum could be recovered upon thermal treatment at 900 °C for 5 h
and a further improvement is expected for longer treatments. In the case of thermal treatment
of Mo/PuO_ mixtures at equivalent conditions a mixed oxide PuMo20s is expected to form,
which will hinder the separation. However, PuMo20gs is well soluble in nitric acid. The thermal
treatment of the fuel is a promising method for the separation of the bulk molybdenum to sim-
plify the dissolution and minimize the effect on the liquid-liquid extraction.

Outlook — This work has shown that MgO- and Mo-based IMF can be dissolved in nitric acid
at mild conditions, where a separation of the matrix material from the actinides during the dis-
solution is possible in principle. The PuO; residues from the Mo/PuQ: pellet dissolutions ought
to be isolated and investigated by XRD and microscopy. However, an overall evaluation of the
dissolution behaviour of IMF can be given only if the effect of irradiation (burn-up) is consid-
ered. Therefore, dissolution experiments with irradiated targets are necessary. The surface
evolution of the MgO pellets could be further investigated using vertical scanning interferome-
try to obtain more precise results.

Following the *®Mo-metal pellet dissolution in presence of Fe(lll) with ESI-MS will enable a
more profound understanding of the enhancement of Mo dissolution kinetics by iron. In order
to allow absolute quantification of the Mo-species by ESI-MS, stable, well-characterized single
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standards of polymolybdates are required for calibration. Such standards are currently not
available. An alternative would be the quantification based on the Mo content possible by cou-
pling a separation system such as HPLC with an element-selective detector (e.g. ICP-MS). For
this, it would need to be examined whether a chromatographic separation of the polymolyb-
dates is possible without changing the relative contents of each Mo species

Methods have to be developed to separate Mg and Mo to improve the final conditioning of the
remaining fission products before vitrification. One the one hand commercial extracting agents
used in extraction from ore leach liquors could be tested in nitric acid medium, and on the other
hand supplementary established extracting agents for the partitioning of fuels could be tested
with macro amounts of molybdenum, including the influence of complexing agents (oxalic acid,
CDTA etc.).

With respect to the separation of molybdenum by thermal treatment the thermodynamic mod-
elling of the behaviour of all fuel components, especially the fission products, at the relevant
conditions would be an asset, but thermodynamic data is sparse.
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