Une analyse par la méthode 15 N-RMN lors de la dissolution du ruthénium (métallique ou oxyde) dans de l'acide nitrique enrichi en azote-. Cette expérimentation permettrait de vérifier la formation de complexes Ru-NO lors de conditions représentatives de la dissolution • Analyse par la méthode 15 N-RMN de l'extraction et du lavage du ruthénium avec les extractants MOEHA, TBU et TODGA pour mieux analyser la spéciation du ruthénium lors des di érentes étapes des procédés et pour comparer les résultats avec ceux obtenus pour le TBP de façon plus exhaustive. . . Conclusion . . . . .

Résumé (détaillé)

Une part majoritaire de l'électricité mondiale est produite par la combustion d'hydrocarbure ou de charbon. La combustion de ces énergies fossiles provoque des émissions de dioxyde de carbone qui est responsable du réchau ement climatique et dont les stocks disponibles sont limités. Pour la production d'électricité, baisser les émissions de dioxyde de carbone, revient soit à réduire la consommation d'électricité, soit à augmenter la production d'électricité dite bas-carbone, dont fait partie celle produite par la filière nucléaire. Cependant, l'augmentation de l'utilisation d'énergie nucléaire exigerait certaines modifications du cycle du combustible pour réduire son impact environnemental. Le premier enjeu est le multi-recyclage du combustible usé. Si un recyclage partiel du combustible est réalisé en France, le multi-recyclage de combustible reste encore à développer à l'échelle industrielle et présente plusieurs di icultés. Par exemple, lors d'un multi recyclage, la concentration de certains produits de fission, comme le ruthénium, augmente. Il est donc important de bien évaluer l'impact d'une telle modification. Dans les étapes de d'extraction du procédé actuel de recyclage (PUREX), le ruthénium est présent sous la forme de complexes nitrosyles de ruthénium qui sont formés dans l'acide nitrique lors de la dissolution du combustible. Ces complexes sont partiellement co-extraits avec l'uranium et le plutonium lors des étapes d'extraction liquide-liquide. Des étapes, dite de de lavage, sont donc nécessaires pour purifier les éléments U et Pu. C'est lors de ces étapes de lavage que les complexes de nitrosyle de ruthénium se singularisent des autres produits de fission. En e et, la faible proportion retenue dans les phases organiques, phénomène appelé rétention, est actuellement bien gérée dans le procédé mais il est important d'évaluer les conséquences d'une augmentation du ruthénium et/ou d'un changement de système chimique extractant.

Les complexes de nitrosyle de ruthénium formés en milieu acide nitrique ont été étudiés depuis les années . De nombreuses recherches mettent en évidence une chimie complexe, du fait de la coexistence de plusieurs complexes en solution qui s'échangent avec des cinétiques lentes. En plus du ligand nitrosyle (NO), le ruthénium est lié à cinq autres ligands qui peuvent être des nitrates, des nitrites, de l'eau et un ligand hydroxyde. Avec six ligands au total, les complexes du ruthénium ont donc une structure pseudo-octaédrique. Selon les concentrations en acide nitrique appliquées dans le procédé PUREX la diversité des complexes de ruthénium peut évoluer. Des études récentes ont mis en évidence la présence de complexes avec hydroxyde : [Ru(NO)(NO 3 ) y (H 2 O) x (OH) ax ] 2-y dans les solutions HNO 3 mol.L -1 . A l'inverse, les solutions d'acide nitrique contiennent majoritairement des complexes : [Ru(NO)(NO 3 ) y (H 2 O) x ] 3-y . En phase organique TBP ( % dans TPH), des complexes neutres de ruthénium ont été identifiés tels que mer-[Ru(NO)(NO 3 ) 3 H 2 O) x ] avec le TBP en seconde sphère de coordination. La connaissance de ces complexes de ruthénium ne permet pas d'expliquer le mécanisme de rétention observé lors des étapes de lavage avec une solution d'acide nitrique à .

Ces complexes peuvent également évoluer en présence d'acide nitreux qui peut remplacer les ligands de nitrate et aquo dans la sphère de coordination. Avant ces travaux, ni la formation de complexes nitreux en fonction de la concentration de l'acide nitreux ni leur influence sur l'extraction des complexes n'avait été étudiée.

Ce travail de thèse a pour objectif de poursuivre la description de la structure des complexes de ruthénium en présence d'acide nitreux ou de nitrites dans l'acide nitrique et en phase organique par di érentes méthodes analytiques : spectroscopie Raman, spectrométrie de masse couplée à l'ionisation électrospray (ESI-MS), la spectroscopie d'absorption X et infrarouge et la spectroscopie de résonance magnétique nucléaire. Des études paramétriques ont été menées pour évaluer le lien entre spéciation en solution du ruthénium et données d'extraction.

En phase aqueuse (acide nitrique entre et ), deux études préliminaires suivies par spectroscopie Raman ont été réalisées

• L'une pour suivre l'intérêt préconisé par certains auteurs de chau er les solutions à °C pour accélérer les échanges et donc atteindre l'équilibre thermodynamique des solutions avant de réaliser les extractions. En fait on assiste à une disparition plus ou moins rapide des complexes avec un groupe OH pour donner des complexes avec des ligands nitrates et eau. Cette précaution est donc particulièrement recommandée pour des acidités fortes > .

• L'autre pour vérifier la potentialité de former des complexes de ruthénium avec des ligands nitrites par radiolyse d'une solution de ruthénium dans l'acide nitrique. Les complexes ainsi détectés peuvent également être formés par ajout de nitrite de sodium.

Une étude paramétrique avec di érentes concentrations de nitrite et de nitrate a été menée permettant de mettre en évidence que :

• Les nitrites remplacent successivement les ligands nitrate dans la sphère de coordination du ruthénium en solution pour des solutions de d'acide nitrique à .

• Les ligands nitrates peuvent être complètement remplacés par les nitrites dans l'acide nitrique M, et forment majoritairement un complexe mer-trinitrite de ruthénium nitrosyle.

• Au contraire, dans des solutions d'acide nitrique , la sphère de coordination du ruthénium contient toujours des ligands nitrate, même après ajout de teneurs importantes de nitrite : le complexe majoritaire semble être le complexe cis-dinitrite mononitrate de ruthénium nitrosyle.

• Dans toutes les conditions, la position trans des nitrites est défavorisée par rapport à la position cis.

La substitution des ligands nitrate par les nitrites est réversible et les nitrites de ruthénium se dégradent très lentement (quelques semaines). Cette substitution nécessite une atmosphère ouverte car les ligands nitrites sont évacués vers la solution sous forme d'acide nitreux qui forment ensuite des gaz nitreux. Dans le cas où le système est fermé, les gaz nitreux sont maintenus au-dessus de la solution.

Les di érents moyens de former ces complexes nitrosyle nitrite de ruthénium (III) et leur haute stabilité justifient la pertinence de les prendre en compte dans les conditions du procédé PUREX.

En phase organique TBP-TPH, nous avons pu montrer que, de manière similaire aux évolutions observées en solution d'acide nitrique, des complexes de nitrite de ruthénium(III) peuvent se former par réaction entre l'acide nitreux extrait et un complexe de nitrate ruthénium.

Les études de spéciation du ruthénium en phase organique ont été e ectuées par combinaison d'approches par spectroscopies FTIR, EXAFS, par ESI-MS et par 15 N-RMN. Elles ont été associées, en parallèle, à des mesures de coe icients de distribution du ruthénium. La présence de complexes nitrites en phase aqueuse a ecte fortement les propriétés d'extraction du ruthénium, notamment lors d'ajout d'un équivalent, ou plus, de nitrite par complexe de ruthénium. L'isotherme d'extraction fonction de la concentration d'acide nitrique, typiquement en forme de 'cloche' en absence de nitrite, est remplacé par une décroissance exponentielle du D Ru avec c(HNO 3 ) en présence de nitrites. Cette diminution exponentielle est caractérisée par des coe icients de distribution particulièrement élevés pour HNO 3 et des coe icients très petits à forte acidité. L'étude spectroscopique des phases organiques montre que ces changements de propriétés d'extraction sont associés à :

• la formation des adduits TBP(HNO 3 ) x qui entrent en compétition avec l'extraction de complexes de nitrite de ruthénium,

• la libération partielle de nitrites à partir de complexes de ruthénium, provoquant la formation d'adduits TBP(HNO 3 ) y qui concurrencent également l'extraction du ruthénium.

L'augmentation des D Ru à faible acidité est liée à la formation d'une liaison TBP/ruthénium directe en présence de nitrites qui contraste avec les interactions faibles de sphère externe identifiées pour les complexes Ru-nitrate :

[RuNO(NO 2 ) 3 (H 2 O)(H 2 O) ax ] + n • T BP [RuNO(NO 2 ) 3 (H 2 O)(T BP) ax ] + H 2 O + (n -1) • T BP
Comme en phase aqueuse, les complexes mer-trinitrite et cis-dinitrite nitrosyle de ruthénium se reconvertissent progressivement en complexes mononitrite et donc tri-nitrate dans le solvant TBP. L'évolution en mononitrite prend plusieurs jours, tandis que l'évolution en complexes trinitrate prend plusieurs semaines. La formation relativement rapide et la dégradation lente en phase organique indiquent une pertinence de la prise en compte de ces espèces Ru-nitrite pour les procédés industriels PUREX.

Comparaison des espèces de ruthénium dans les phases organiques di érentes

Des analyses de spéciation du ruthenium ont également été menées dans des phases organiques différentes, qui sont une sélection issues de procédés innovants proposés (évolution de l'extractant pour • Les coe icients de distribution du ruthénium mesurés avec la TODGA sont élevés à la fois à faible et forte acidité carles complexes mer-trinitrate sont bien extraits et l'acide nitrique entre peu en compétition avec les complexes de ruthénium dans ces conditions.

Enfin quelles que soit les conditions de l'étude (en l'absence de nitrite), nous avons mis en évidence une bonne corrélation entre le coe icient de distribution du ruthénium et l'extraction d'eau en phase organique. Cette corrélation confirme l'hypothèse d'une interaction extractant-Ruthénium par une liaison hydrogène faisant intervenir les ligand aquo liés au ruthénium. L'a inité avec l'eau d'un solvant d'extraction permet donc d'avoir une première idée de l'importance du ruthénium extrait.

La caractérisation du ruthénium dans les étapes de lavage a été également examinée pour mieux comprendre les phénomènes de rétention. Il a pu être montré que le phénomène de rétention du ruthénium observé dans le cas du TBP dans le procédé PUREX existe également pour les autres extractants donneurs oxygènés tels que MOEHA, TBU et TODGA. En revanche, l'ampleur de larétention di ère selon les extractants.

Lors du lavage des solvants MOEHA-TPH et TODGA-TPH avec une solution de d'acide nitrique M, nous avons pu mettre en évidence la formation de complexes de ruthénium avec un ligand OH et la perte d'un ligand nitrate. La libération d'un site de coordination suite à la perte de ce ligand nitrate peutêtre responsable du phénomène de rétention. En phase aqueuse, un tel site de coordination vacant est rapidement complété par une molécule d'eau pour former un complexe di-nitrate hydrolysé (phénomène décrit dans plusieurs étude). En revanche, en phase organique ce site de coordination peut transitoirement être occupé par la molécule extractante qui agit alors comme un ligand en première sphère. La coordination en sphère interne de l'extractant avait été proposée comme une des raisons du phénomène de haute rétention avec le TBP, mais cette étude basée sur une spéciation détaillée confirme cette proposition. A partir de ces résultats il est possible de suggérer deux solutions pour limiter / éviter la rétention de ruthénium lors des lavages e ectués à partir d'une solution d'acide nitrique :

• Formation de complexes de ruthenium-nitrite avant le lavage Les complexes de nitrite du ruthénium ne s'hydrolysent pas dans les solutions HNO 3 à et dans les phases d'extraction correspondantes. En l'absence d'hydrolyse, la réaction de positionnement d'une molécule de TBP en première sphère n'aurait pas lieu, ce qui limiterait par conséquent la rétention de ruthénium. Des expérience d'extraction/lavage en présence de nitrite ont confirmé cette hypothèse avec des coe icients de rétention largement réduits.

• Chau age des phases de lavage

• Des températures plus élevées abaissent la rétention du ruthénium, ce qui prouve que l'interaction forte ruthenium/TBP n'est que transitoire. La coordination en sphère interne du ruthénium n'est pas thermodynamiquement stable et peut donc être limitée par une augmentation de température ou une prolongation des temps de contact.

Conclusion

Les résultats présentés dans ce document peuvent aider à améliorer les procédés d'extraction des actinides majeurs par les solvants actuels (TBP) et à anticiper les propriétés de procédés plus innovants pour les usines du futur s'appuyant sur l'utilisation d'extractants à fonction amide. En termes de facteur de décontamination du ruthénium, les N,N-dialkyl amides, comme le MOEHA, sont intéressants principalement en raison de leur faible propension à extraire du ruthénium dans les conditions d'extraction (si l'acidité est inférieure à

). Au contraire, la TODGA extrait significativement le ruthénium quelles que soit les conditions en phase aqueuse, et le phénomène de rétention est exacerbé. Une forte rétention de ruthénium est attendue pendant les lavages spécifiques (actuellement réalisés à partir des solutions d'acide nitrique ou ) avec la TODGA, ce qui nécessitera la mise en place de complexants spécifiques. Replacing baseload power from fossil fuels by nuclear power would be a challenging task In solvent extraction cycles of the PUREX process, the chemistry of ruthenium stands out due to a high diversity of complexes, which can transform over time. Diversity and reactivity make it hard to understand and control the behavior of ruthenium in the process. Former research was mostly done between -with limited capacities for organic phase speciation. Modern analytical methods, such as Nuclear Magnetic Resonance (NMR) spectroscopy or ElectroSpray Ionization Mass Spectrometry (ESI-MS), can give sophisticated insights that have not been obtained yet. This thesis applied these modern analytical technics for ruthenium speciation in order to get a better understanding of ruthenium in PUREX extraction cycles. The study focuses on the current PUREX extractant tri-nbutyl phosphate (TBP), but also deals with potential future processes for recycling MOX fuels with N-methyl, N-octyl ehthylhexylamide (MOEHA) and tetra butyl urea (TBU), and the European project of the Grouped Actinide Extraction process (GANEX) with N, N, N',N'-tetra octyl di glycolamide (TODGA).
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Ruthenium speciation was done in nitric acid solution and solvent extraction phases. Some of these studies were done with enlarged nitrous acid concentrations, since nitrous acid has a important on other elements in the PUREX process, such as neptunium, and some former studies indicated a preference of ruthenium for nitrite ligands. The speciation with enlarged nitrous acid concentration will clarify whether the preference of ruthenium for nitrite ligands can also occur at PUREX conditions. [ , because the isotopic composition of plutonium changes during repetitive neutron irradiation in light water reactors [ ] ] A er an introduction to the fission product ruthenium, its chemistry and its behavior in solvent extraction processes, selected analytical methods are described briefly in order to prepare a ruthenium characterization in aqueous and organic phases. Aqueous solutions of ruthenium are described in chapter . for di erent nitric and nitrous acid conditions. The same nitric acid solutions are used for solvent extraction experiments with TBP in chapter . . Then, chapter . compares TBP with MOEHA, TBU and TODGA solvents, which could also be considered for alternative extraction concepts, under conditions as used in the PUREX process. In chapter . , ruthenium extractions are scrubbed from the organic phase to simulate process conditions, and analyzed in order to identify ruthenium species that are related to the retention phenomenon. With these chapters in mind, the conclusion in chapter sums up the findings, states the best analytical methods for further research, and finally provides information to improve the handling of ruthenium in current and future solvent extraction cycles of nuclear reprocessing.

. . The Fission Product Ruthenium

Nuclear reactors provide energy released from neutron-induced fission of heavy elements, such as uranium and plutonium. Each fission forms one light and one heavy fission product (FP). The heavy fission product has a mass of about (+/-) u, and the light one has a mass of (+/-) u. [ , ] One example is the fission of plutonium-into tin-, ruthenium-and three free neutron which can cause further fission reactions:

239 94 Pu + 1 0 n -→ 103 44 Ru + 134 50 Sn + 3 • 1 0 n ( )
Variations in the mass of fission products cause numerous di erent elements that can be formed in One well-known fission product with isotopes in the mass range between -u is the platinum group metal ruthenium. Isotopes of ruthenium in spent nuclear fuel can be stable or radioactive. All stable and radioactive isotopes of ruthenium which can be found in nature and/or spent nuclear fuel are listed in Table .   Sometimes fission splits the nucleus into three fission product (ternary fission), which is rare. [ ] The presented fast neutron energy is higher than the one observed in nuclear fission reactors. The graphic only gives qualitative information on the e ect of increasing neutron energy on the abundance of fission products. In reality, the e ect is less significant in fission reactors. The half-lives of ruthenium isotopes in Table in face All forms of ruthenium challenge the nuclear recycling process. The dissolved fraction is particularly challenging since it enters solvent extraction stages. One way to limit the amount of ruthenium in solvent extraction cycles is the oxidation of dissolved ruthenium species into volatile ruthenium(VIII) oxide. Synthesized ruthenium(VIII) oxide can be either evaporated, or extracted using an apolar solvent, such as reported by a number of authors. [ , -] For example, Richards and Mincher demonstrated an oxidation of ruthenium(III) nitrosyl complexes with periodate into ruthenium (VIII) oxide in nitric acid solution with some other elements that also appear in dissolved fuel. [ ] However, the feasibility of such a process has not been confirmed for spent nuclear fuel dissolution yet. Prospects for future processes should respect ruthenium complexes in solvent extraction cycles, where it particularly challenges a clean recovery of uranium and plutonium, as explained in the following section. 

Figure

. . . Behavior in Solvent Extraction Cycles

H 3 O + + NO - 3 + n • T BP T BP • HNO 3 + (n -1) • T BP + H 2 O ( ) K d was only used instead of D Ru in the cited publication. UO 2+ 2 + 2NO - 3 + n • T BP UO 2 (NO 3 ) 2 • 2T BP + (n -2) • T BP ( )
Regarding the strong decrease of the ruthenium distribution ratio for rising nitric acid concentration, it seems to be unlikely that the ruthenium distribution ratio only decreases due to the formation of T BP • HNO 3 adducts. Potentially, also the structure of ruthenium complexes in the TBP phase changes as a function of the nitric acid concentration. Changed complexes might result in di erent ruthenium distribution ratios, which were observed during TBP contacts with more than nitric acid. [ ] This questions will be answered in the context of this thesis.

Another parameter that a ects the ruthenium distribution ratio is the formation of dibutyl phos- In order to recover uranium and plutonium at high purity, extracted ruthenium must be removed from the organic phase. The removal of ruthenium is done in a number of purification (called scrub) cycles. In such scrub cycles, the loaded solvent is contacted with fresh nitric acid that enables to scrub ruthenium but mostly leaves uranium and plutonium una ected in the organic phase. Current processes basically use two di erent scrub stages with ≈ and nitric acid solutions.

[ , ] The first scrub with ≈ nitric acid is mainly designed to remove impurities of zirconium and certain

The stated values are average nitric acid concentrations. In fact, industrial PUREX processes use concentration gradients along several extraction stages. fission products from the organic phase, whereas the second scrub mainly aims on the removal of technetium and ruthenium. [ ] A simplified sketch of those extraction and scrub stages in the PUREX process is shown in Figure . The e iciency of a scrub can be rated using a decontamination factor DF, which is a quotient of the impurity concentration before and a er the scrub. For the scrub of ruthenium in PUREX extractions, the decontamination factor is like: This retention avoids an e ective scrub of ruthenium in the first scrub stages with nitric acid.

DF = c org Ru (c org U + c org Pu ) initial c org Ru (c org U + c org Pu ) f inal
Retention [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] Ru x+ [𝑅𝑢 … ] (b)
Retention [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] [𝑅𝑢 … ] Ru x+ [𝑅𝑢 … ]
Most of the extracted ruthenium remains in the organic phase until the Tc scrub with nitric acid, leading to a relatively long duration of ruthenium in the organic phase. [ ] Longer the duration, higher is the disposed γ-dose, due to ruthenium-, and the solvent degradation. Current PUREX processes can manage such a solvent degradation. But regarding the raised fission yield of rutheniumfor plutonium fission, as discussed on page , solvent degradation becomes more important for the recycling of spent MOX fuels. There are di erent ways to decrease the γ-radiolysis of the solvent.

Either processes can be modified towards a lower ruthenium extraction, or towards a more e ective ruthenium scrub in early scrub stages. Both strategies are discussed in this thesis for TBP but also for alternative extractants that are considered for innovative solvent extraction processes.

For the sake of completeness: Spent MOX fuel could be stored longer than spent UOX fuel before fuel reprocessing. A longer storage time would decrease the ruthenium-(T 1/2 ≈ d) concentration, the γ-activity and the solvent radiolysis significantly. However, a longer storage time also decreases the amount of plutonium-(T 1/2 ≈ a), which represents a larger fraction of the fissile plutonium inventory in spent MOX fuels than in spent UOX fuels. [ ] For this reason, the fuel cooling time has to be as long as necessary in terms of ruthenium-concentration, and as short as possible in terms of plutonium-losses and americium-generation.

. . Innovative Solvent Extraction Systems

Sustainability aspects for the future nuclear fuel cycle force to make PUREX and other solvent extraction processes simpler, safer, more economical and more ecological. 

Pu IV (NO 3 ) 4 • 2T BP + A → Pu III (aq) + A + + 4 • NO - 3 + 2 • T BP ( )
Such a plutonium reduction is elaborate and becomes even more di icult for higher plutonium con- Besides the advantage for the plutonium stripping, these extractants simplify the solvent waste burning step, which is more di icult to manage with TBP solvents due to the presence of the phos- 

238 92 U 1 0 n - -→ 239 92 U β - ---------→ (T 1/2 = 23min) 239 93 N p β - --------→ (T 1/2 = 57 h) 239 94 Pu 1 0 n - -→ 240 94 Pu 1 0 n - -→ 241 94 Pu β - --------→ (T 1/2 = 14a) 241 95 Am β - --------→ (T 1/2 = 432a)
...

( )

Since each neutron absorption can also cause the fission of the nucleus, the amount of minor actinides in spent nuclear fuel is notably low, as indicated by the adjective "minor". Current spent UOX fuels from light water reactors contains in total ≈ . % mass of neptunium, americium and curium. [ ] The amount of berkelium and californium is even lower so their contribution to the total radiotoxic inventory is negligible in spent nuclear fuels. The extraction and particularly the retention of ruthenium in TODGA solvents is one important concern regarding the industrial implementation of such a processes. In order to better remove ruthenium from TODGA extraction, its requires more information on the structure of extracted ruthenium complexes, which is one aim of this thesis. 

. . Speciation of Ruthenium

[RuNO(NO 3 ) x (NO 2 ) y (OH) z (H 2 O) 5-y-x-z ] 3-x-y-z ( )
In ≥ nitric acid solution, the diversity of ruthenium nitrosyl complexes is constrained compared to the formula from [ ] Their results indicated two di erent outer-sphere interactions of TBP, which depend on the ruthenium nitrosyl complex. In trinitrate complexes, TBP is linked to the water ligands via hydrogen bond. This interaction involves four TBP molecules per ruthenium nitrosyl complex. Concerning anionic tetranitrato ruthenium(III) nitrosyl complexes, TBP similarly interacts with the water ligand in axial position, but also with one oxonium ion which is located in the second coordination sphere. This interaction involves five TBP molecules per ruthenium complex. Both complexes interact via hydrogen bonds with TBP molecules, as shown in Figure . [ , ] In , Joon and Neefjes reported dimeric and highly extractable ruthenium(III) nitrosyl complexes.

[RuNO(NO 3 )(H 2 O) 4 ] 2+ + H 2 O [RuNO(NO 3 )(H 2 O) 3 (OH) ax ] + + H 3 O + ( ) In ,
In their experiment, the authors used a . nitric acid solution of ruthenium nitrosyl complexes with 106 Ru tracers, which was put on a chromatographic column with absorbed TBP. Di erent complexes of ruthenium were eluted with . , , . , and nitric acid. On basis of the separation results, they the number of dimeric complexes strongly decreases for extractions with higher nitric acid concentrations, and completely disappears for extractions from nitric acid, unlike the results from Joon and

proposed three dimeric complexes: ( ) [Ru(NO) (H 2 O)(NO 3 ) 3 ] 2 , ( ) [Ru(NO) (H 2 O)(NO 2 )(NO 3 ) 2 ] 2 (OH) -
Neefjes.

[ , ] Accordingly, the importance of these dimers for the understanding of the ruthenium retention phenomenon is questionable, and must be addressed with care. Moreover, ruthenium concentrations in the order of -3 reduce the fraction of dimeric complexes, but the ruthenium retention is still observed. [ , , , ] In , Boswell et al. reported a separation and subsequent quantification of ruthenium nitrosyl complexes in nitric acid solution via TBP-coated column chromatography. [ ] Each separated fraction was assigned to a proposed ruthenium(III) nitrosyl complex and quantified by use of rutheniumtracers. This study considers complexes with a di erent number and position of nitrate, nitrite and water ligands. The results also contain kinetic information on complex transformations. The kinetic information is based on a nitration of ruthenium nitrosyl complexes in nitric acid, and an aquation of these complexes in . nitric acid. Nitrite complexes degrade in order of days and weeks.

Ruthenium complexes with an axial OH ligand were not reported in this study. This approach based on a separation via a TBP coated column must be considered with care, because the medium does not represent an organic solution. The study neither considers ruthenium complexes with an axial OH ligand, nor the di erence between a TBP coated column and a conventional TBP solvent regarding the stability of ruthenium complexes. Therefore, these findings do not represent the stability of ruthenium(III) nitrosyl complexes in TBP solvents entirely. However, the results provide useful insights on the reaction kinetics of ruthenium nitrate and nitrite complexes at different nitric acid concentrations.

In ) and (red, c org (Ru)= .

) nitric acid and (b) the assigned predominant complexes [ , , ] The FTIR spectra show several vibrations of ruthenium nitrosyl complexes extracted from and nitric acid. The nitrosyl vibration ν(NO) at ≈ cm -1 strongly di ers for ruthenium nitrosyl complexes with an axial OH or water ligand. Whereas the complex with an axial water ligand extracted from nitric acid forms a sharp band at cm -1 , complexes with an axial OH ligand form a wide band between and cm -1 . The di erent band shapes and positions allow to di erentiate between axial water and OH ligands of ruthenium complexes with FTIR spectroscopy. Furthermore, nitrate ligands appear in three di erent vibrational modes at , and cm -1 in the FTIR spectra. These vibrations enable to estimate the average number of nitrate ligands per ruthenium complexes, when the spectrum is normalized with respect to the ruthenium concentration. Besides the vibrations in the ruthenium complex, the FTIR spectra also give information on the entire organic phase composition. For example, when extractions are performed from nitric acid, higher nitric acid concentrations could be followed in the organic phase with the bands at or cm -1 . By comparing the intensity of these bands before and a er ruthenium extraction, the substitution of T BP • HNO 3 adducts by ruthenium complexes with TBP can be visualized. Such a substitution is hard to determine with acid-base titrations, since ruthenium complexes can form an axial OH ligand during titration NO 3 The model considers extracted ruthenium in the form of a mer-[RuNO(NO 3 ) 3 (H 2 O) 2 )] complex with two or three TBP ligands in the second sphere:

H 2 O H 2 O H 2 O Ru NO NO 3 NO 3 NO 3 H 2 O +HNO 3 -H 2 O days (b) wavenumber /cm -1 OH Ru NO NO 3 NO 3 H 2 O H 2 O H 2 O Ru NO NO 3 NO 3 NO 3 H 2 O +HNO 3 -H 2 O days
n • T BP + [RuNO(NO 3 ) 3 (H 2 O) 2 ] [RuNO(NO 3 ) 3 (H 2 O) 2 ] • xT BP + (n -x) • T BP ( )
This model successfully represents the ruthenium behavior in the extraction step. Simulated ruthenium concentrations in both organic and aqueous phases are close to the experimental ones. However, the model does not represent the experimental ruthenium scrub results. Calculated ruthenium concentrations in the organic phase are lower than the experimentally observed in the fission product scrub battery. The di erence between simulation and experimental data shows that the model does not represent the ruthenium chemistry in the scrub battery properly. The experimental data indicate that the interaction between ruthenium and the extractant changes during the scrub with nitric acid, causing higher ruthenium distribution ratios. In order to develop better models for the simulation of ruthenium in scrub stages, a better knowledge of ruthenium species and modifications at scrub conditions would be useful.

. . Summary of the State of Arts

The platinum metal ruthenium is a common fission product with a number of stable and radioactive isotopes. Ruthenium-and particularly -(T 1/2 = a) causes high γ-radiation levels during UOX fuel recycling. Even higher radiation levels can occur during recycling of MOX fuels, since both ruthenium-and -are more common during plutonium fission. The chemistry of ruthenium in the PUREX process is di icult to understand and to follow. During fuel dissolution in nitric acid, ruthenium appears in form of ( ) ruthenium (VIII) oxides that can evaporate and contaminate di erent systems, ( ) polydisperse precipitates that can embed uranium and plutonium, hindering the recycling process, and ( ) soluble nitrosyl complexes that enter solvent extraction cycles.

Ruthenium can be partly co-extracted with uranium and plutonium in solvent extraction cycles with TBP, which challenges the separation process. In subsequent scrub stages with nitric acid, ruthenium appears with significantly increased distribution ratios. Such abnormal high distribution ratios remain unexplained and are called ruthenium retention. By reason of the retention, most of the extracted ruthenium is not removed in the first scrub stages with nitric acid. It is removed in later scrub stages with ≈ nitric acid where also technetium is removed. So the retention increases the duration of ruthenium in the organic phase and therefore the solvent degradation, which could become a challenging characteristic for the recycling of spent MOX fuels with high ruthenium concentrations.

In nitric acid solution, numerous co-existing pseudo-octahedral ruthenium(III) nitrosyl complexes di er from each other regarding the number and position of water, OH, nitrate and nitrite ligands. In ≈ nitric acid solutions, a large number of ruthenium complexes occurs with one hydroxide ligand in axial position in face of the nitrosyl ligand. Such complexes with an axial OH ligand can be partly dimeric. In > nitric acid solutions, ruthenium complexes occur without hydroxide ligands. Both complexes with an axial OH or water ligand can di er from each other regarding their charge and the number and position of water, nitrate and nitrite ligands in the equatorial ligands sphere.

The role of nitrous acid for ruthenium complexes was neglected in a number of previous solvent extraction studies, despite the numerous redox and radiolytic reactions that can form nitrous acid in nitric acid solutions of spent nuclear fuel. The main questions to address are the following ones:

• Is there a link between nitrous acid and ruthenium speciation in solution?

• Are nitrite complexes stable in aqueous nitric acid and organic TBP phases?

• Does nitrous acid a ect the global extraction behavior of ruthenium?

In organic TBP phases, two types of ruthenium(III) nitrosyl complexes were identified for extraction from di erent nitric acid concentrations. Extractions from nitric acid mainly contain a mertrinitrate dihydro ruthenium(III) nitrosyl complex, whereas extractions from nitric acid mainly contain a trans-hydroxo dinitrate dihydro ruthenium nitrosyl complex. One question is if a slow transformation of these two species causes the ruthenium retention during scrubs with nitric acid.

Former ruthenium speciation has been mostly limited to nitric acid solutions and solvent extraction with TBP. Alternative extractants, such as monoamides, carbamides or diamides, have been barely studied regarding ruthenium speciation. It remains to be clarified if the ruthenium complexes and the retention phenomenon di er for other oxygen-donor extractants than TBP, which can also provide a better understanding of the formal TBP extraction system.

Chapter

Selected Methodology for Ruthenium Speciation

Starting in the s, many studies described the separation of ruthenium nitrosyl complexes with chromatographic resins, the quantification of ruthenium complexes by use of ruthenium-tracers, and sometimes a characterization with FTIR spectroscopy. All these studies confirm the diversity and the complexity of ruthenium(III) nitrosyl complexes in solvent extraction processes. Since the s, less research has been performed to describe ruthenium in solvent extraction processes. Meanwhile, innovative analytical methods have been developed but not tested for ruthenium speciation in solvent extraction processes yet. Some of these modern analytical methods, like NMR spectroscopy and ESI-MS, but also old-established methods, like FTIR and Raman spectroscopy, are introduced in this chapter and discussed regarding their ability for ruthenium speciation.

. . Sample Preparation

This section describes briefly the general procedure of preparing nitric acid solution and solvent extraction with ruthenium (III) nitrosyl complexes. Detailed information, such as concentrations, contact time or temperatures, are reported together with the discussion of the results in chapter . -. .

The dissolution of ruthenium(III) nitrosyl nitrate powder in nitric acid solution forms numerous di erent complexes. These complexes can transform with slow kinetics. [ , , ] In order to accellerate these transformations, some authors heated nitric acid solutions of ruthenium prior to extraction experiments.

[ , ] The main goal of this heating is to obtain an equilibrated concentrations of mer-trinitrate complexes in nitric acid solution:

[RuNO(H 2 O) x (NO 3 ) y (OH) z ] 3-y-z ∆T --→ [RuNO(H 2 O) 2 (NO 3 ) 3 ] ( )
Since the mer-trinitrate complex was considered to be the main specie of ruthenium in TBP solvent extraction cycles, [ , ] heating nitric acid solutions is important to reach an appropriate concentrations of mer-trinitrate complexes in the mother solution for subsequent solvent extraction experiments.

. . . Nitric Acid Solutions of Ruthenium(III) Nitrosyl Nitrate

Ruthenium(III) nitrosyl nitrate powder (CAS --, purchased from Alfa Aesar) was dissolved in nitric acid in order to obtain ruthenium concentrations between . -and . These concentrations are significantly higher than the ones in the PUREX processes, where a few m of ruthenium appear in nitric acid solution of spent nuclear fuel. [ , , ] Significantly higher ruthenium concentrations in the initial nitric acid solutions are required in this study to obtain a good resolution with di erent spectroscopic methods, like Raman, FTIR, 15 N-NMR and ESI-MS.

The solution was heated to -• C in water bath between and h, as recommended in former studies.

[ , ] The transformation of ruthenium complexes during heating was followed by Raman spectroscopy. A er this thermal preconditioning, the samples were cooled down to room temperature, before being used for solvent extractions, or reactions with sodium nitrite.

. . . Nitric Acid Solutions of Ruthenium with raised Nitrous Acid Concentrations

Sodium nitrite powder was weighed in a glass vial and a volume of ruthenium(III) nitrosyl nitrate in nitric acid solution, a er thermal preconditioning, was added. A er addition of the nitric acid solution, the glass vial was directly closed to limit outgassing of nitrites in form of nitrous acid, follow-

ing: [ , -] 2HNO 2 NO 2 (g) + NO(g) + H 2 O(l) ( )
The closed vials were shaken to accelerate the dissolution of the salt, heated to • C in a water bath for min, and then stored in closed vials at room temperature. The volume of the vial was chosen high enough to prevent a high gas pressure increase.

In further experiments using 15 N-enriched sodium nitrite, the ruthenium complexation was im- Ruthenium in organic solvents was back-extracted with . or nitric acid before being analyzed by ICP-AES. The backextraction was done with a ratio V org /V aq ≤ / . Such an excess of nitric acid enables to recover almost all of the ruthenium from the organic phase. All initial, aqueous and organic phases (a er backextraction) were diluted for the ICP-AES measurements. The diluted samples contained ≈ . nitric acid, mg/L of Sc 3+ as an internal standard, and between . and mg/L of ruthenium, which is in the concentration range of prior measured ruthenium standards. Two dilutions were prepared for each phase in order to limit the risk of preparation errors.

Ruthenium, Acid, Nitrite and Water Quantification Chapter . Methodology for Ruthenium Speciation

The accurateness (or ruthenium recovery) of the measurements was verified by comparing amount of ruthenium in aqueous and organic phases with the amount of ruthenium in the initial phase:

Recovery(Ru) = n org (Ru) + n aq (Ru) n ini (Ru) -1 • 100% ( )
The initial phase can be either a nitric acid solution of ruthenium in case of extraction experiments, or an organic phase loaded with ruthenium for scrub experiments. In all presented results, the recovery error barely exceeds +/-% . Recovery errors are listed in the corresponding Appendix of the chapter.

. . . Acid-base Titration

The acid concentration in aqueous and organic phases was measured by use of acid-base titrations. For aqueous phases, µL of each sample was diluted with mL deionized water. For organic phases, µL of each sample of the sample was mixed with mL ethanol and mL deionized water.

The dilutions/ mixtures were stirred and titrated with a . sodium hydroxide solution. All titrations were performed at least twice. The pH was measured using a glass electrode.

. . . Griess Method for Nitrite Quantification

The Griess method enables to quantify nitrites in solution at very low concentration (≥ • -8 ).

The analysis is based on the diazo coupling of sulfanilic acid and α naphthylamine (Griess-Illosvay's reagent) into a deep-red diazo dye, which is selectively initiated by nitrous acid: [ , ] 

. . . Coulometric Karl-Fischer Titration for Water Quantification in Organic Phases

Water in organic solvents can be quantified with the coulometric Karl-Fischer titration. The method is based on the reduction of iodine by methyl sulfite in presence of water, which takes place in the Karl-

Fischer reagent : [ ] H 2 O + I 2 + SO 3 CH - 3 -→ SO 4 CH - 3 + 2H + + 2I - ( )
When an organic solvent, which contains water, is added to the Karl Fischer reagent in a dry atmosphere, iodide is produced. Iodide itself can be re-oxidized into iodine in a coulometric cell. The electric charge of the electrochemical reaction can be used to estimate the amount of iodide that was produced, following the Faraday law: [ ] In this work, the Karl-Fischer method was used to quantify the concentration of water in di erent organic solvents a er pre-equilibration with nitric acid at di erent concentrations. Each measurement was performed at least threefold and average values were calculated.

m = M • Q z • F ( )
Karl-Fischer reagent is composed of iodine, methylsulfite and a basic solvent such as pyridine.

. . Vibrational Spectroscopy

Vibrational spectroscopic methods can di er regarding the scattering of the incoming radiation.

When the energy of the incoming radiation matches with the energy of two di erent vibrational states, the radiation is absorbed and recoiled in a elastic manner. Such elastic scattering of infrared radiation is used in FTIR spectroscopy. In contrast, a significantly higher energy of the incoming radiation brings the molecule onto a higher energy state. In most cases, the excited energy state recoils by emitting a photon with same energy as the original incoming photon. Such an elastic scattering is called Raleigh scattering. However, there is also a little probability that the excited energy state falls down on an excited vibrational state. This state itself can recoil by emitting infrared radiation that can be detected.

This inelastic scattering is also known as Stokes Raman scattering. Complementary to this e ect, Anti-Stokes Raman scattering describes the excitation of an excited vibrational state, which recoils to the ground state. Both stokes and anti-stokes scattering can be used in Raman spectroscopy, due to the use of intense and monochromatic lasers with wavelength in the visible spectrum. 

ν(NO) ν a (NO 2 ) ν s (NO 2 ) ν (NO) (b) ν(NO) ν a (NO 2 ) ν s (NO 2 ) ν (NO)

Figure

-Vibration modes of (a) nitrosyl and (b) monodental nitrate ligands which were formerly used to study ruthenium complexes. Ruthenium itself cannot be detected with this method.

Besides nitrosyl and nitrate ligands, the elongation of carbonyl or phosphoryl groups of oxygen donor extractants can be studied to analyze the coordination with ruthenium in organic solvents. A er uranyl extraction with TBP, Ferraro reported a shi of the P-O elongation from to cm -1 . [ ] Such a shi indicates a direct interaction between TBP and the uranium cation. [ ] A er ruthenium extraction with TBP, the P-O elongation was reported to shi to cm -1 for inner sphere coordination, and to cm -1 for outer sphere coordination via water ligands. [ ] Ruthenium extractions with mono-, carb-and diglycol-amides have not been studied regarding the carbonyl shi yet. This analysis is shown in chapter . . Beforehand, the applicability of Raman and FTIR spectroscopy are discussed for ruthenium speciation in solvent extraction processes.

. . . Raman Spectroscopy

Due to the low probability for inelastic scattering, Raman spectroscopy requires a laser as a strong monochromatic light source and relatively high concentrations of the analyte ruthenium. In the TBP/ nitric acid extraction system, small ruthenium distribution ratios (D Ru ≤ . ) cause a relatively low ruthenium concentration in the organic phase. [ , , ] Low ruthenium concentrations in the organic phase harden the use of Raman spectroscopy for organic phase speciation. However, Raman spectroscopy has one fundamental advantage towards FTIR spectroscopy: water is very little Ramanactive. The low Raman-activity of water enables to analyze aqueous solutions, which is hardly realizable with FTIR spectroscopy due to water vibrations that overwhelm all other vibrations, such as ones of ruthenium complexes. Raman spectroscopy, barely applied to analyze ruthenium(III) nitrosyl complexes in nitric acid solution formerly, [ ] was tested to better describe the speciation of ruthenium in nitric acid solution in this thesis.

Set-up for Raman Measurements

Raman spectroscopy was used to analyze nitric acid solution with at least . of ruthenium (III) nitrosyl nitrate. The solutions were analyzed with a HORIBA Jobin-Yvon LabRam HR Evolution spectrometer, equipped with a nm YAG laser having an adjustable output power from to mW. All measurements are performed in a mm quartz cuvette. The short cuvette was used to limit the absorption of scattered radiation in the samples itself (self-absorption). 
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L(ν) = 2 • I(peak) π • γ 1 + 4 • (ν -ν(peak))
ν a (NO 2 ) T BP • HNO 3 adducts [ , ] ν a (NO 2 ) nitrate ligands [ , ] ν s (NO 2 ) T BP • HNO 3 adducts [ ] ν s (NO 2 ) nitrate ligands [ , ] ν s (NO 2 ) nitrate ligands [ , ] ν(Ru-N)/ν(Ru-O) Ru-NO or Ru-NO 3 bond [ -]
The original extraction spectra shows numerous vibrations of ruthenium complexes and the TBP solvent. A er subtracting the pre-equilibration spectrum from the ruthenium extraction spectrum, all vibrations that are not related to extracted ruthenium complexes disappear. This spectral treatment becomes useful when solvent vibration strongly hide the vibration of ruthenium complexes.

The absorption of T BP • HNO 3 adducts at and cm -1 is below the baseline in the subtraction spectrum, showing that the organic phase contains less nitric acid a er ruthenium extraction. A lower nitric acid concentration shows that ruthenium substitutes a part of the nitric acid in the organic phase during extraction, which results in an absorption band below the baseline in the subtracted FTIR spectrum. Apart from the spectral subtraction, FTIR spectra can be normalized with respect to the ruthenium concentration or the distribution ratio, obtained from ICP-AES measurements. Such a normalization allows to estimate the number of nitrate ligands per ruthenium complex.

Set-up for FTIR Measurements

The organic phase was analyzed a er acid pre-equilibration and ruthenium extractions with a Bruker VERTEX FTIR spectrometer. The spectrometer has a Platinum attenuated total reflectance (ATR), containing a single reflection diamond crystal accessory. The spectra were recorded with scans at a resolution of cm -1 from to cm -1 .

. . Electrospray Ionisation Mass Spectrometry (ESI-MS)

Electrospray • there is no information on the position of ligands. ESI-MS cannot su iciently distinguish a first or second sphere coordination of ligands.

Accordingly, ESI-MS can neither detect the entire real complex, nor the position of coordinating ligands. A precise complex identification requires supplement analytical methods, such as FTIR, EXAFS or NMR spectroscopy. In this thesis, ESI-MS was used to confirm findings from other analytical methods, particularly regarding a nitrate-nitrite ligand exchange in ruthenium complexes.

. . X-Ray Absorption Spectroscopy

Ruthenium complexes can be analyzed and compared in di erent chemical environments using Xray absorption spectroscopy. When a x-ray beam with an energy close to keV impacts on a ruthenium sample, the K-shell electron are excited. The excitation, called K-edge, causes an increase of the absorption coe icient that can be used to determine • The local atomic charge of ruthenium and its local symmetry. This is called "X-ray Absorption Near-Edge Structure" (XANES) spectroscopy. 

Experimental Procedure

The K-edge of ruthenium at ≈ keV was measured at the "SOLEIL Synchrotron" (St. Aubin, France) on the "MARS" beamline. The MARS beamline is equipped with a water-cooled double crystal monochromator (DCM) with Si( ) crystals, and two water-cooled vertically focusing mirrors, which were set with platinum strips at an angle of . mrad. The beam energy from the monochromator was calibrated at the K-edge of rhodium ( . keV). All measurements were performed in fluorescence mode by use of a -element high-purity germanium solid-state detector. The recorded spectra were processed with the Athena code. [ ] In order to extract the EXAFS spectrum from the x-ray absorption spectra,

. the energy E 0 was set to the maximum of the absorption edge of ruthenium,

. a linear pre-edge background was subtracted from the spectrum,

. the jump of the spectrum from the pre-edge to E 0 was normalized to , . a cube spline function was subtracted from the spectrum in order to remove atomic absorption.

The extracted EXAFS functions were k 3 weighted: k 3 χ(k) and curtailed in a "hanning" window from k = . to . Å -1 . In this window, a Fourier transformation was applied on the EXAFS function to obtain the pseudo-radial distribution functions k 3 χ(R). In this thesis, EXAFS spectroscopy was used to compare the structure of ruthenium complexes under similar extraction conditions in TBP, MOEHA, TBU and TODGA solvents.

. . Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) is based on weak perturbations of a strong magnetic field, which allows to analyze the chemical environment of nuclei with a magnetic dipole moment = .

During measurements, the strong and constant magnetic field B 0 is perturbed by radio frequency impulses of a radio frequency (RF) transmitter coil. The RF is adjusted to stimulate the resonance frequency of a selected nucleus. Such a perturbation changes the orientation of magnetic dipole mo- .

• -4 . • -3 . • -3 . • -2 Absolute sensitivity . • -5 . • -4 . • -6 . • -5 * at . T ( MHz for 1 H)
Following this list, the NMR equipment does not enable a practical use of ruthenium-and -;

the only natural ruthenium nuclei with an odd number of nucleons. Therefore, NMR investigations of ruthenium complexes with the available equipment must focus on atoms in the ruthenium coordination sphere: oxygen and nitrogen. 

Sample Preparation

In order to bring 15 N ligands into the ruthenium coordination sphere, conventional nitric acid and /or sodium nitrite was replaced by 15 N-enriched ones ( % 15 N purchased by Sigma Aldrich). Apart from the enriched 15 N concentrations, the samples were prepared with the same procedure presented before in chapter . . and . . . An exploitation of 15 N-NMR spectroscopy for ruthenium speciation requires to know the chemical displacement of nitrate and nitrites ligands, prior to the experiments. 

. . Methods Summary

Former ruthenium speciation in the s was limited regarding the availability of analytical technics. Today, a number of technics have been developed that can provide innovative insights on the speciation of ruthenium in solvent extraction processes. Concerning aqueous and organic phase speciation of ruthenium extractions, the mostly used technics in the context of this thesis are:

• Raman Spectroscopy which can be used to analyze ruthenium nitrosyl complexes in solution with di erent nitric and nitrous acid concentrations. This method allows analyzing vibrational properties of ligands in the ruthenium coordination sphere prior to solvent extraction experiments.

• FTIR Spectroscopy which allows to compare the ruthenium(III) nitrosyl structure in di erent organic solvents. This method is particularly useful to study the exchange of nitrate and nitrite ligands, and to distinguish inner and outer sphere interactions of the extractant with ruthenium.

• ESI-MS Spectroscopy which can complementary show the exchange of nitrite and nitrate ligands in ruthenium(III) nitrosyl complexes, and may give a hint on the stability of ruthenium nitrosyl complexes at different extraction conditions.

• 15 N-NMR Spectroscopy which enables to di erentiate between individual nitrite and nitrate ligands in ruthenium. This method will be applied to precisely describe the structure of ruthenium(III) nitrosyl nitrate and nitrite complexes in the organic phase.

The speciation of ruthenium in the organic phase was linked to the level of distribution ratios in order to relate a notably strong or low ruthenium extraction to a specific organic phase structure. In the first step, initial aqueous phases/ nitric acid solutions of ruthenium(III) nitrosyl nitrate are analyzed. This aqueous phase speciation was done to be aware of the ruthenium(III) nitrosyl structure in nitric acid solution prior to extraction experiments.

Chapter

Results

. . Ruthenium Speciation in Nitric Acid

Former studies have shown that diverse ruthenium nitrosyl complexes coexist in nitric acid solution and potentially transform with low kinetics, as introduced in chapter . . on page . To sum up the diversity of ruthenium nitrosyl complexes in nitric acid solution, Siczek and Steindler proposed a

general formula: [ ] [RuNO(NO 3 ) x (NO 2 ) y (OH) z (H 2 O) 5-y-x-z ] 3-x-y-z ( )
With this diversity in mind, much research has been performed to identify predominant complexes at specific nitric acid concentrations. The overall speciation results give a rough, and partly contradictory, view on the chemistry of ruthenium nitrosyl complexes in nitric acid solution: • the e ect of temperature on the speciation /measurements a er heating the solution,

• the influence of the nitric acid concentration on ruthenium species/ analysis of ruthenium solutions with di erent nitric acid concentrations,

• the e ect of radiation/ analysis of ruthenium solutions a er irradiation with cesium-,

• the influence of nitrous acid on ruthenium species/ analysis of ruthenium solutions with di erent nitrous acid concentration,

• the stability of nitrite complexes under open and closed atmospheric conditions.

All experiments were performed with nitric acid concentrations, representative of crucial steps in the PUREX process. The identification of ruthenium species was performed by use of Raman spectroscopy. Figure shows specific bands of ruthenium nitrosyl complexes that are used in this chapter for the assignment of bands to ruthenium complexes in nitric acid solution. The identification of axial H 2 O and OH ligands is indirect: It requires to measure the wavenumber of the nitrosyl band, which is sensitive towards the ligand in trans position. Contrary, nitrate and nitrite ligands can be directly identified in the equatorial ligands sphere of ruthenium complexes.

H 2 O Ru NO OH Ru NO NO 3 Ru NO NO 2 Ru NO ν(NO)= 1930 cm -1 ν(NO)= 1800-1900 cm -1 ν a (NO 2 )= 1530 cm -1 ν s (NO 2 )= 1280 cm -1 ν a (NO 2 )= 1420 cm -1 ν s (NO 2 )= 1330 cm -1

. . . E ect of Temperature on Ruthenium Species

Because of the slow ligand exchange of ruthenium complexes in nitric acid solution, former studies reported the necessity of a thermal pre-equilibration of nitric acid solution with ruthenium(III) nitrosyl nitrate prior to solvent extraction experiments. [ , ] This thermal pre-equilibration aims to reach an equilibrium between the dissolved ruthenium complexes, particularly regarding the formation of extractable trinitrate complexes. However, the state of ruthenium complexes before and a er heating was not checked yet. Therefore, the e ect of heating on ruthenium nitrosyl complexes in nitric acid solution was followed using Raman spectroscopy. 
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Ru-NO 3 Ru-NO ligand should come along with an increase of nitrate ligands, as described in equation . However, the bands of nitrate ligands are similar a er heating regarding their position and their relative intensity. So the disappearance of the axial OH ligand does not necessarily go along with an increase of nitrate ligands in nitric acid solution:

5 M HNO 3 0 h 1 h 3 h stored 0 h 1 h 3 h stored 0 h 1 h 3 h stored OH ax H 2 O ax OH ax H 2 O ax OH ax H 2 O ax
[RuNO(NO 3 ) 2 (H 2 O) 2 (OH) ax ] + HNO 3 • T BP [RuNO(NO 3 ) 3 (H 2 O) 1 (H 2 O) ax ] + H 2 O • T BP ( )
[RuNO(NO 3 ) x (H 2 O) 2 (OH) ax ] 2-x + H 3 O + [RuNO(NO 3 ) x (H 2 O) 2 (H 2 O) ax ] 3-x + H 2 O ( )
In this context, it is notable that a protonation of the OH ligand in ruthenium complexes has slow reaction kinetics. Regardless of the real reaction behind the heating of ruthenium in nitric acid solution, the Raman analysis helps to visualize the transformation of ruthenium(III) nitrosyl species during heating over time. The necessity of heating for equilibration of the ruthenium(III) nitrosyl complexes strongly depends on the nitric acid concentration: Higher is the nitric acid concentration, lower is the required heating time. In nitric acid solution of ruthenium, there is no detectable e ect of heating. Either the reaction is too slow to be detected under the experimental conditions, or there is no evolution of ruthenium complexes in nitric acid solutions over time. Therefore, a thermal preconditioning of ruthenium complexes prior to extraction experiments is only useful for solutions with to nitric acid.

. . . E ect of the Nitric Acid Concentration on Ruthenium Species

Analyzed using Raman Spectroscopy A er the thermal pre-equilibration of ruthenium(III) nitrosyl nitrate in , , , and nitric acid solution for h at • C and subsequent storage for month, Raman spectra were recorded as shown in - In contrast to previous sections, a higher temperature was chosen to shorten the heating time.

The peaks of nitric acid between and -ppm represent an average signal of dissociated and nondissociated nitric acid: [ ]

H 3 O + + NO - 3 HNO 3 ( )
The equilibrium in aqueous solution is clearly shi ed to the main presence of the dissociated form.

However, dissociated and non-dissociated nitric acid can not be distinguished in aqueous solution due to a rapid proton exchange. [ ] The average signal appears at higher field in nitric acid, in which nitric acid is less dissociated than in nitric acid. [ ] The nitrogen of the nitrosyl ligand cannot be identified in these spectra, since no 15 N-enriched ruthenium(III) nitrosyl nitrate powder was used for the samples. Moreover, the nitrogen exchange between nitric acid and the nitrosyl ligand is supposed to be slow at the applied experimental conditions. 

Analysis of Radiation E ects

The color of the irradiated solution has become clearer in comparison to the color of the initial solution. A clearer color can also be observed in the sample mixed with sodium nitrite. Such a color change obviously indicates modifications of ruthenium(III) nitrosyl nitrate complexes, which occur either a er mixing with nitrites or a er irradiation.

The Raman spectra of both solutions show two bands ν s (NO 2 ) at cm -1 and δ (NO 2 ) at cm -1 , which are consistent with bands of nitrite ligands in previous studies.

[ , ] Since these bands were not present in the initial solution, it appears that radiolysis of nitric acid can create ruthenium(III) nitrosyl nitrite complexes:

HNO 3 γ - -→ HNO 2 ( )
On the basis of these Raman spectra, it is not clear whether the nitrites from nitrous acid substitute water and/or nitrate ligands of ruthenium(III) nitrosyl complexes. Therefore, the following two reactions are considerable:

HNO 2 + [RuNO(H 2 O) x (NO 3 ) y ] 3-y - -→ [RuNO(H 2 O) x (NO 3 ) y-1 (NO 2 )] 2-y + HNO 3 ( ) HNO 2 + [RuNO(H 2 O) x (NO 3 ) y ] 3-y - -→ [RuNO(H 2 O) x-1 (NO 3 ) y (NO 2 )] 2-y + H 2 O ( )
Since variable radiation levels occur in di erent steps of the PUREX process, the nitrous acid concentration varies leading to di erent ruthenium(III) nitrosyl nitrite complexes. In order to evaluate in detail the influence of the nitrous acid concentrations on the speciation of ruthenium, nitric acid solutions with di erent nitrite/ruthenium ratios were prepared and analyzed using Raman spectroscopy and complementary DFT calculations.

. . . Parametric study on the E ect of Nitrites on Ruthenium Complexes

A parametric study was performed in order to analyze the structure of ruthenium species in and nitric acid solution with various nitrous acid concentrations. The initial acid and nitrite concentrations in the samples was respectively measured with acid-base titrations and the Griess method.

Hence, all solutions were analyzed by comparing experimental and DFT-calculated Raman spectra. The measured acidities in the samples decrease as the initial nitrite concentrations increases. This
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decrease can be due to the formation of nitrous acid which is not stable in such high nitric acid concentrations. Nitrous acid degrades into water and nitrous gases: [ , ]

H + (aq) + NO - 2 (aq) HNO 2 (aq) ( ) 2HNO 2 (aq) NO 2 (g) + NO(g) + H 2 O(l) ( )
Nevertheless, a stronger acidity decrease is expected in than in nitric acid solutions, since nitric acid promotes the formation of HNO 2 which degrades according to equation . However, the opposite is measured. For instance, the additions of sodium nitrite decreases the acidity by .

in nitric acid solutions, whereas the acidity only decreases by . in nitric acid solution.

Accordingly, reaction is not the only reaction that decreases the acidity in nitric acid solution. A probable explanation for the stronger acidity decrease would be the disappearance of the OH ligand in ruthenium(III) nitrosyl complexes. The OH ligand was formerly reported to increase the acidity of nitric acid solution of ruthenium, following: [ , , ]

[RuNO(H 2 O) x (NO 3 ) y (H 2 O) ax ] 3-y + H 2 O [RuNO(H 2 O) x (NO 3 ) y (OH) ax )] 2-y + H 3 O + ( )
The back reaction would decrease the acidity of the solution, since the OH ligand would consume protons in order to form an axial water ligand: The bands ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 correspond to asymmetric and symmetric stretching of nitrite ligands, respectively. [ , ] As expected, the bands increase for higher nitrite concentrations in and nitric acid solutions. Increasing bands show that nitrites successively enter the ruthenium coordination sphere. However, nitrite coordination must compete with nitrous acid degradation, according to equation on page . In both and nitric acid solutions, nitrites rather coordinate to ruthenium than they degrade in form of nitrous acid. This was already observed with the low acidity decrease due to nitrous acid degradation in the section before. In addition, the increase of nitrite ligand bands and simultaneous decrease of nitrate ligand bands in the Raman spectra confirm a substitution of nitrates by nitrites in the ruthenium coordination sphere.

In both Raman spectra of and nitric acid solutions, the shape of the band ν s (NO 2 ) is sensitive to the nitrite concentration. In the ruthenium solution with . of nitrites, ν s (NO 2 ) appears as a single band which is centered around cm -1 . In the ruthenium solution with sodium nitrite, a second band appears at slightly lower wavenumber. With higher nitrite concentrations, the second band of ν s (NO 2 ) reaches approximately twice the intensity of the first band. This peak evolution is similar but not identical for and nitric acid solutions. In nitric acid, the band ν s (NO 2 ) does not di er between . and sodium nitrite, which may indicate a saturation of nitrites in the ruthenium coordination sphere. In nitric acid solutions, the band ν s (NO 2 ) slowly increases with the nitrite concentration, without showing a saturation.

A split of ν s (NO 2 ) in Raman spectra into two adjacent signals has already been reported for nitrite complexes. [ ] In the case of ruthenium complexes, it could come from the successive formation of di erent nitrite complexes in solution. In order to precisely assign this band split to specific ruthenium complexes, DFT calculation were performed to simulate Raman spectra of individual ruthenium complexes by varying the number and the position of nitrite in the ruthenium coordination sphere. and one weak-broad band at cm -1 . The sum of both individual bands in the trans complexes is similar to the single band of the mononitrite complexes (I), but it appears at higher wavenumbers and is more intense. Such a band was not observed in the experimental spectra. Accordingly, there

DFT calculated

The DFT calculations were performed by Dominique Guillaumont and the data analysis was done by Thomas Dirks. 

)(H 2 O) 4 ] 2+ , (II) trans-[Ru(NO)(NO 2 ) 2 (H 2 O) 3 ] + , (III) cis-[Ru(NO)(NO 2 ) 2 (H 2 O) 3 ] + , (IV) mer-[Ru(NO)(NO 2 ) 3 (H 2 O) 2 ]:
The dashed red lines represent the sum of individual nitrite ligand bands. The experimental Raman spectra were extracted from the spectra presented in Figure .  is measurable amount of trans-dinitrite complexes (II). DFT calculations for the cis-dinitrite complex (III) also result in two bands for the symmetric stretching of nitrite ligands ν s (NO 2 ), but the more intense band appears at lower wavenumbers and is about three times more intense than the other one.

Shape and frequency of ν s (NO 2 ) in the cis-dinitrite complex match much better with the experimental spectra measured for ruthenium in and nitric acid solution and at least of sodium nitrite. The similarity between experimental and calculated Raman bands shows that cis-dinitrite complexes can be formed in and nitric acid in presence of su icient nitrite concentrations. Trans-dinitrite (II) complexes are disfavored. The preferred cis-position of nitrite ligands and their wavenumbers also agree with former studies of ruthenium nitrosyl crystals.

[ , ]

The mer-trinitrite complex (IV) has three Raman bands for ν s (NO 2 ). Shape and frequency of the sum of the three bands are similar to the cis-dinitrite complex (III). However, the bands of the mer-trinitrite complex (IV) appear with a higher intensity in the calculated DFT spectra, which is also observed in experimental Raman spectra for solutions with more than . sodium nitrite, in particular for nitric acid solution. This intensity increase argues for the formation of mer-trinitrite complex in , at least partially. and nitric acid solutions show a similar evolution of the band ν s (NO 2 ) bands for higher nitrite concentrations. However, some di erences appear for nitric acid solutions:

• It require more nitrites to form a similar nitrite ligand band ν s (NO 2 ) as observed in nitric acid solution.

• The intensity of the nitrite ligand bands is lower than in nitric acid. A lower intensity argues for less tri-nitrite complexes and therefore more cis-dinitrite complexes in nitric acid solution compared to nitric acid solution.

• There is no complete substitution of nitrates by nitrites in nitric acid solution. The presence of nitrate ligands, even a er adding sodium nitrite, could be due to anionic complexes with overall four nitrite/nitrates ligands, such as reported formerly. [ ] Such complexes would require even higher nitrite concentration in order to replace all of the nitrates. The role of anionic complexes will be discussed in the next chapter . in the context of solvent extraction experiments.

Apart from these small di erences between and nitric acid solutions, the coupling of DFT with Raman spectroscopy evidences a successive formation of mono-, cis-di-and likely mer-trinitrite complexes of ruthenium. In order to confirm if mer-trinitrite complexes can be formed in nitric acid solutions, 15 N-NMR spectroscopy was used. be easier to study with neutral complexes. This is not the case with protic polar nitric acid solution, but it could be possible in organic phases such as dilutions of TBP in apolar TPH, which will be described in chapter . . Beforehand, it requires to analyze the stability of nitrite complexes over time in order to verify their relevance for industrial solvent extraction processes.

. . . NMR Analysis of Ruthenium

. . . Stability of Ruthenium Nitrite Complexes

In order to confirm a relevance of nitrite complexes for the behavior of ruthenium in the PUREX process, it requires to study their stability over time. The stability of ruthenium nitrite complexes was analyzed for the nitric acid solution with . ruthenium(III) nitrosyl nitrate and sodium ni- Meanwhile, the Raman spectrum of the closed sample a er days (red) has not changed in comparison to the initial spectrum (black). Consequently, the replacement of nitrite ligands by nitrates in ruthenium nitrosyl complexes requires an exchange of the gases phase above the solution. The requirement for a gas exchange refers to a degradation equilibrium that involves the gas phase. Nitrous acid degradation involves an emission of nitrous gases, as it was shown with equation on page

. In order to link nitrous acid degradation and nitrite ligand substitution in ruthenium complexes, the following equilibrium can be suggested as an example for the degradation of ruthenium nitrite complexes:

2[RuNO(NO 2 ) 2 (H 2 O) 3 ] + + 2HNO 3 2HNO 2 + 2[RuNO(NO 2 )(NO 3 )(H 2 O) 3 ] + ↓ NO 2 (g) + NO(g) + H 2 O
In the closed sample, nitrous gases cannot escape from the complexation equilibrium and an increased partial pressure of nitrous gases hinders the degradation of nitrous acid in solution and therefore maintains the complexation equilibrium. As a result, ruthenium nitrite complexes do not degrade in the closed sample. Whereas in the open sample, the a inity of ruthenium for nitrites keeps the equilibrium on the side of the nitrite complex formation, but the small fraction of free nitrous acid progressively degrades. Formed nitrous gases leak from the open sample. Hence, ruthenium complexes release nitrites in order to reestablish the equilibrium between coordinating and non-coordinating nitrites. Released nitrites again degrade and therefore the number of nitrite ligands decreases in ruthenium complexes, progressively.

The symmetric stretch of nitrite ligands in ν s (NO 2 ) at cm -1 , analyzed by DFT simulations, also gives information on the complexes degradation in the open sample. Initially, the band ν s (NO 2 ) at cm -1 shows a cis-dinitrite complex, characterized by a pattern of one intense band with a shoulder at higher wavenumber. Over time, the pattern of the cis-dinitrite complex transforms into a less intense single band at the same wavenumber as mononitrite complexes. The formation of mononitrite complexes over time is reasonable, since the release of one nitrite ligand from the cis-dinitrite complex forms the mononitrite complex. Overall, mononitrite complexes still occur in the open sample a er days, which indicates a relevance of at least the mononitrite complex for industrial PUREX processes.

Exemplary for a cis-dinitrite complexes of ruthenium; Other nitrite complexes must degrade in a similar manner.

. . . Conclusion

In this first part, new methods have been tested to better describe ruthenium(III) nitrosyl complexes in nitric acid solution. Raman spectroscopy was used to evaluate the e ect of heating on the ruthenium speciation at various acidities. DFT calculations were coupled to experimental Raman spectra in order to better describe ruthenium complexes in the presence of nitrites and then to evaluate the stability of nitrite complexes over time. 15 N-NMR was used to identify ruthenium complexes individually.

Raman spectroscopy can help to follow the slow transformations of ruthenium nitrosyl complexes in nitric acid solutions. The kinetics of these transformations depend on the nitric acid concentration.

Heating up the , and nitric acid solutions of ruthenium(III) nitrosyl nitrate to • C shows:

• In nitric acid, there is no e ect of heating on ruthenium complex a er hours,

• In nitric acid, complexes with an axial OH ligand transform into complexes with an axial water ligand over time. This protonation is not complete a er h heating.

• In nitric acid, this protonation takes not more than h.

It remains to clarify if the transformation of the axial OH ligand into a water ligand is reversible in case of decreasing the nitric acid concentrations.

Nitrite ligands can be identified in the ruthenium coordination sphere either a er an exposure dose of kGy (with 137 Cs), or a er dissolving sodium nitrite powder in nitric acid solution. A parametric study with varying nitrite concentrations shows that:

• Nitrites successively replace nitrate ligands in the ruthenium coordination sphere in and nitric acid solution, as demonstrated by Raman spectroscopy.

• Apparently all nitrate ligands can be replaced by nitrite ligands in nitric acid, resulting in a number of di erent cis-di and mer-trinitrite ruthenium nitrosyl complexes, as identified by Raman spectroscopy coupled with DFT and 15 N-NMR spectroscopy.

• In contrast, ruthenium in nitric acid solution even contains nitrate ligands at high nitrite concentrations, forming mixed cis-dinitrite complexes or anionic complexes with overall four nitrite and/ or nitrate ligands.

• In both and nitric acid solutions, the trans position of nitrites is disfavored towards the cis-position.

The substitution of nitrate ligands by nitrites slowly reverse within several weeks. This substitution requires an escape of nitrous gases from the solution. The di erent synthetic routes and the high stability of ruthenium(III) nitrosyl nitrite complexes indicate a relevance of such species in the conditions of the PUREX process. The next step is to verify their relevance in solvent extraction experiments, which is the subject of the following chapter . .

. . E ect of Nitrous Acid on Ruthenium in TBP Extraction Systems

Chapter . has shown that nitrites replace nitrate ligands in the ruthenium coordination sphere in nitric acid solutions. In order to determine if nitrite complexes are present in the conditions of the PUREX processes, this chapter focuses on the impact of nitrites on the ruthenium speciation in the TBP . in TPH. This study is performed with the following order:

.

Reactivity between Ruthenium and Nitrous Acid in TBP Solvents

Two TBP solvents, either charged with nitrous acid or ruthenium nitrate complexes, were mixed and analyzed to clarify whether nitrite complexes could be formed in the organic phase.

.

Extraction of Ru-NO 2 Species

Extractions of ruthenium from nitric acid solutions with di erent nitrite concentrations were performed and quantified by measuring distribution ratios, which describe the organic and aqueous concentration ratio of ruthenium during a solvent extraction contact:

D Ru = c org Ru c aq Ru ( )
.

Speciation of extracted Ru-NO 2 Complexes

A er a selection of extraction conditions with high or low distribution ratios, the organic phases were studied in detail by ESI-MS, FTIR, and 15 N-NMR spectroscopy.

.

Analysis of the Ru-NO 2 Complex Stability in the Organic Phase

Repetitive measurements were performed in order to estimate the stability of ruthenium nitrite species over time, which have shown a slow degradation in nitric acid solution in the previous chapter.

. . . Reactivity between Ruthenium and Nitrous Acid in TBP Solvents

Sample Preparation

A: TBP . in TPH was precontacted with nitric acid; V org /V aq = / , t= min, T= • C. The preequilibrated organic phase was contacted with a . ruthenium(III) nitrosyl nitrate in nitric acid ;

V org /V aq = , t= h, T= • C. One part of the organic phase was analyzed by FTIR spectroscopy and ESI-MS, and the other part was mixed with the organic phase from extraction B.

B: TBP . in TPH was contacted with . nitric acid; V org /V aq = / , t= min, T= • C. Just before the contact, sodium nitrite powder was dissolved in the nitric solution in order to obtain a concentration of sodium nitrite in the initial aqueous phase. A er contact, the organic phase was separated and mixed with the organic phase from A.

A org + B org : Both organic phases were mixed in a / ratio and heated to • C for min using a thermostatic shaker. A er the sample was cooled down to ambient room temperature, it was analyzed by The initial nitric acid solution was heated for h to in TPH before (blue) and a er mixing with nitrous acid (green); The gray spectra in (b) represent simulated mass spectra of (from le )

[RuNO(NO 2 ) 2 (T BP)] + , [RuNO(NO 2 )(NO 3 )(T BP)] + , [RuNO(NO 3 ) 2 (T BP)] + species.
The FTIR spectra (a) show five bands of ruthenium complexes that di er between the TBP extraction phase A org (blue) and the mixture A org + B org (green). The position of the nitrosyl, nitrite and nitrate ligands bands are similar to formerly assigned Raman bands in the aqueous phase in chapter . . A er mixing the TBP phases, the intensity of the nitrosyl ligand band ν(NO) at cm -1 decreases due to a lower ruthenium concentration in the mixed phases, and slightly shi s to lower wavenumbers.

A shi to lower wavenumbers may indicate a change in the axial coordination sphere in opposite to the nitrosyl ligand. This will be discussed later in this chapter for TBP solvents loaded with higher ruthenium concentrations. The intensity of nitrate ligand bands ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 decreases and almost disappear a er mixing the phases. One reason for the decreases is the lower concentration of ruthenium in the mixed sample, which also results to a lower concentration of nitrate ligands in total. However, the decrease is much stronger than the one of the nitrosyl ligand. Therefore, dilution is not the only reason for such a strong decrease of nitrate ligand bands. It rather looks like nitrate ligands were removed from the ruthenium coordination sphere. Meanwhile, bands of nitrite ligands appear: ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 . These bands are partly masked by C-H vibrations of the TBP solvent. Nevertheless, these overlaid bands proofs that nitrite ligands enter the inner ruthenium coordination sphere. Both e ects together, the appearance The interaction between TBP and the ruthenium complex cannot be entirely specified on the basis of this ESI-MS result. However, the spectra always show one TBP per ruthenium complex, whereas former slope methods and process models indicate or TBP per ruthenium complex. [ , , ]

The absence of complexes with or TBP molecules in the ESI-MS spectra confirms the weak interaction between TBP and ruthenium complexes, such as a formerly proposed outer-sphere interaction.

A er mixing the organic phases A org + B org , the specie at m/z= disappears and two other complexes appear at m/z= and . These complexes match with the mass spectrum simulation of [Ru(NO) (NO 2 ) 2 (TBP)] + and [Ru(NO) (NO 3 )(NO 2 )(TBP)] + , respectively. Both complexes contain at least one nitrite ligand, confirming the exchange of nitrite and nitrate ligands in the ruthenium coordination sphere.

A subtraction of a TBP pre-equilibrated FTIR spectrum from the presented spectra would highlight hidden nitrite ligand bands, such described in chapter . . . In this case, a spectral subtraction was not performed due to di erent nitric acid concentration in the organic phase which could result in misleading bands in the resulting subtraction spectra spectrum.

Both results from FTIR spectroscopy and ESI-MS similarly show that nitrites can substitute nitrate ligands of ruthenium nitrosyl complexes in TBP phases. A reaction between ruthenium complexes and nitrous acid is very likely in the TBP organic phases with regards to the high distribution ratios of nitrous acid. [ , , ] Since this substitution also occurs in -nitric acid, as discussed in chapter . , these results further emphasize the relevance of nitrous acid for nuclear solvent extraction processes with TBP. Therefore, numerous ruthenium extractions from solutions with di erent nitrous and nitric acid concentrations were performed and analyzed systematically.

. . . Extraction of Ru-NO 2 Species

The nature of ruthenium complexes in aqueous solution depends on the nitric and nitrous acid concentration, as discussed in chapter . . . The existence of such ruthenium complexes may lead to di erent extraction capacities. The global extraction capacity can be measured by use of distribution ratios, which is the ratio between the organic and aqueous phase concentration of ruthenium without specifying the structure of individual complexes, such as it was shown with equation on page .

Herein, ruthenium distribution ratios were measured for TBP extractions from aqueous solutions with di erent nitric and nitrous acid concentrations. For extraction without nitrites in the initial solution (gray), the curve of the ruthenium distribution ratio shows a slight bell shape, which is in agreement with former studies. [ , , ] This bell shape comes from two opposite e ects of nitric acid on the extraction of a ruthenium. On the one hand, nitric acid supports the formation of a neutral and extractable ruthenium nitrate complex, which increases its distribution ratio when the nitric acid concentration rises from to , for example: [ , ]

Sample Preparation

[Ru(NO)(NO 3 ) 2 (H 2 O) 3 ] + + HNO 3 [Ru(NO)(NO 3 ) 3 (H 2 O) 2 ] 0 + H 3 O + ( )
On the other hand, extracted nitric acid forms TBP adducts which decreases the number of free The extraction curves change in presence of enlarged nitrite concentrations. For one equivalent of nitrites per ruthenium (orange line) added to the initial aqueous solution, the distribution ratio does not increase when the nitric acid concentration rises from to . Instead of that, the distribution ratio slowly decreases up to nitric acid. Beyond nitric acid, the curve decreases exponentially with values lower than the ones measured without nitrites (gray line). Such a curve shape indicates that nitric acid fewer supports the ruthenium extraction in presence of nitrites. This phenomenon is even increased for two or three equivalents of nitrites per ruthenium (blue and green lines) in the initial aqueous phases. The curves decrease with an almost exponential slope. This feature indicates a negligible support of nitric acid for the ruthenium extraction, regarding equation .

One reasonable explanation for the modified curve shape is the extraction of the ruthenium nitrite complexes. Extracted nitrite complexes would not require nitrates from nitric acid to form extractable complexes. In this case, nitric acid would only form T BP • HNO 3 adducts which decrease the number of free TBP molecules and therefore prevent the extraction of ruthenium nitrite complexes into These value are valid for a homogeneous mixture of similar ruthenium nitrite complexes. Contrary, a mixture di erent nitrite and nitrate complexes underlies individual extraction equilibria with an overall increased ruthenium distribution ratio, as shown in the Appendix A . on page the TBP organic phase. A validation of this hypothesis requires a detailed organic phase speciation regarding the number of nitrite in ruthenium complexes. At first, the speciation of ruthenium complexes was studied in the organic phase a er extractions from to nitric acid with three nitrite equivalents per ruthenium. This speciation aims to clarify if nitrite complexes are similarly extracted from di erent nitric concentration. For two equivalent of nitrites (blue), only complexes with nitrites ligands at m/z= and can be identified. The complexes without nitrite ligands are absent. The complex [Ru(NO) (NO 2 ) 2 (TBP)] + at m/z= appears predominantly.

. . . Speciation of extracted

Acetonitrile (ACN) was used to dilute the organic phase for the ESI-MS analysis. During the ionization step, an ACN molecule can substitute a weakly-bonded water ligand. So ACN does not appear in the original ruthenium complex. [ ] Two important insights can be obtained from these ESI-MS spectra. First, ruthenium complexes with an axial OH ligand, which were extracted from nitric acid solution, disappear in presence of enlarged nitrite concentrations. Secondly, the number of nitrate ligands decrease in ruthenium complexes for higher nitrite concentrations. Both e ects were also observed in nitric acid solutions with Raman and NMR spectroscopy in Chapter . . Accordingly, the a inity of ruthenium for nitrite ligands is similar in both phases of the extracting system: TBP . in TPH and nitric acid. However, these results cannot explain why ruthenium nitrite complexes have notably high distribution ratios in extractions from nitric acid, which is analyzed in the next section.

FTIR Speciation of Ru-NO 2 Complexes

The FTIR spectra of TBP .

in TPH extractions from nitric acid with zero (gray), one (orange), two (blue) and three (green) nitrite equivalents per ruthenium complex are shown in 

Figure

-FTIR spectra of TBP . in TPH a er ruthenium extraction from nitric acid with zero (gray), one (orange), two (blue), three (green) equivalents of nitrites per ruthenium; The spectrum of the acid pre-equilibrated solvent was subtracted from the extraction spectra. All spectra were normalized with respect to the measured ruthenium distribution ratio. 

ν a (NO 2 ) T BP • HNO 3 [ ] ν a (NO 2 ) nitrate ligands [ , ] ν a (NO 2 ) nitrite ligands [ ] ν s (NO 2 ) nitrite ligands [ ] ν s (NO 2 ) T BP • HNO 3 [ ] ν s (NO 2 ) nitrate ligands [ , ] ν(P=O) TBP [ , ] ν (P=O) TBP bond to Ru [ ]
The subtracted FTIR spectra show two bands of nitric acid in TBP below the baseline: ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 . [ ] Both bands decrease because the competitive ruthenium extraction decreases the amount of T BP • HNO 3 in the organic phase.

The substitution of nitrate ligands by nitrites, identified by ESI-MS, is also observed in the FTIR spectra.

The bands ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 of nitrate ligands decrease with increasing nitrite concentrations. This decrease occurs together with an increase of nitrite ligand bands: ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 . Both e ects together confirm the substitution of nitrate ligands by nitrites.

A detailed analysis of the bands of nitrite and nitrate ligands provides more information on the structure of ruthenium complexes in the TBP solvent. ν a (NO 2 ) of nitrate ligands at cm -1 shi s to lower wavenumbers for extractions from solutions with more than one nitrite equivalent. Such a shi occurs when nitrate ligands are in trans position to nitrite ligands in the equatorial coordination sphere of ruthenium nitrosyl complexes, as already observed with Raman spectroscopy in nitric acid solutions in Chapter . and confirmed with DFT calculations in the Figure A . on page . The vibration ν s (NO 2 ) of nitrite ligands at cm -1 appears as a single peak for extraction from nitric acid solution with one nitrite equivalent. Higher equivalents split the peak into two separated bands at higher and lower wavenumbers. This peak evolution was also observed with Raman spectroscopy in chapter . , proving the successive formation of mono, cis di-and likely tri-nitrite ruthenium nitrosyl complexes. In contrast to the observations with Raman spectroscopy, the nitrite ligand bands ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 do not increase significantly for more than one nitrite equivalent. The absorption of nitrite ligands should increase according to higher number of nitrite ligands per ruthenium complex, as observed with ESI-MS in Figure . Most likely, the increase is low due to a low IR sensitivity of nitrite ligands in ruthenium complexes.

The band ν(NO) of nitrosyl ligands at ≈ cm -1 has a broad shape for extraction without nitrites • Ruthenium(III) nitrosyl complexes with exclusively two nitrite ligands in trans position are highly disfavored, as shown by Raman spectroscopy in chapter . .

Under these criteria, it can be hypothesized that a mer-trinitrite and/or a cis-dinitrite nitrate ruthenium nitrosyl complex can correspond to ESI-MS spectrum, as shown in Figure .   NO for the formation of a cis-dinitrite mono nitrate complex. [ ] The degradation of the mer-trinitrite complexes into a cis-dinitrite mono nitrate complex is reasonable, since a similar complex was already identified in nitric acid solutions in chapter . . . The cis-dinitrite mono nitrate complex might be formed due to the instability of trans nitrites in the mer-trinitrite complex. Besides the identification of the cis-dinitrite mono nitrate complex, the NMR spectra also provide information on the degradation of nitrite ligands. Within days, several oxygen-bonded nitrite ligands appear at ≈ ppm.

Oxygen-bonded nitrite ligands can be considered to be less stable due to the absence of π-interaction with ruthenium. The instability indicates that the oxygen-bonded nitrites can be an intermediate state of nitrites before being substituted by nitrates, as shown in Figure .   NO

2 Ru NO TBP NO 2 NO 2 H 2 O NO 2 NO 3 Ru NO TBP NO 2 H 2 O N Ru NO TBP NO 2 NO 2 H 2 O O O +HNO 3 -HNO 2 1/2(NO 2 + NO + H 2 O)
Figure -Degradation scheme for the mer-trinitrite complex extracted from nitric acid with TBP . in TPH A er days, the number of nitrite ligands has further decreased and numerous di erent nitrate ligands are detected. The high number of nitrate and nitrite ligands hardens a precise complex identification, such as done for the initial and days altered sample. The two largest signals at ≈-and -ppm may correspond to the two trans-and the one cis-nitrate of the mer-trinitrate complex, which was reported formerly for extractions in absence of enlarged nitrous acid concentrations. [ , , ] Overall, this spectral evolution confirms the degradation of nitrite complexes, as reported for nitric acid solution in chapter . . , and shows the multiplicity of such degradation products. This degradation of Ru-NO 2 species in TBP organic phases corresponds to an extraction from nitric acid solution.

Industrial PUREX processes use -nitric acid solution. Such higher nitric acid concentrations likely a ect the degradation kinetics of Ru-NO 2 species, which was better investigated with ESI-MS in the following section.

. . . ESI-MS Speciation of Ru-NO 2 Complex Stability in TBP . in TPH

In order to study the degradation of Ru-NO 2 species under more realistic PUREX process condi- 

. . . Conclusion

This chapter has shown that ruthenium(III) nitrosyl nitrite complexes can be formed in TBP solvents, similarly as it was shown for nitric acid solutions in chapter . . Ruthenium(III) nitrosyl nitrite complexes have a strong e ect on the extraction properties of ruthenium in the TBP . in TPH/ nitric acid systems. More than one nitrite per ruthenium complex causes an exponential decrease of the ruthenium distribution for rising nitric acid concentrations. This exponential decrease starts from particularly high distribution ratios for extractions from nitric acid, and ends with relatively low ones for extractions from ≥ nitric acid. Low distribution ratios could be explained by

• enhanced formation of T BP x • HNO 3 adducts which competes with the extraction of ruthenium nitrite complexes,

• partial release of nitrites from ruthenium complexes, causing the formation of T BP x • HNO 2 adducts which also compete with ruthenium extraction,

• probably, a lower basicity of nitrites in comparison to nitrate ligands, which hardens outer sphere interactions via hydrogen bridge.

Particularly high distribution ratios were measured for extractions from nitric acid. This feature is due to the coordination of TBP in the inner axial ligand sphere of ruthenium nitrosyl nitrite complexes, which has not been reported formerly for nitrate complexes:

[RuNO(NO 2 ) 3 (H 2 O)(H 2 O) ax ] + n • T BP [RuNO(NO 2 ) 3 (H 2 O)(T BP) ax ] + H 2 O + (n -1) • T BP NO 2 Ru NO 2 𝑁𝑂 P O O-nC 4 H 9 O-nC 4 H 9 nC 4 H 9 -O NO 2 H 2 O
Ruthenium mer-trinitrite and cis-dinitrite complexes progressively reconvert into mononitrite and hence mer-trinitrate complexes in TBP solvents over time. The reconversion into mononitrite takes several days, whereas the reconversion into trinitrate complexes takes several weeks. The slow degradation of ruthenium nitrite species in TBP solvents supports their relevance for industrial PUREX processes, where extracted ruthenium species only remain in orders of minutes in the organic phase. relative to the system without enhanced nitrite concentrations. . Details on the organic phase composition are listed in Table A . on page . The bands ν(CO) and ν a (NO 2 ) at cm -1 belong to the carbonyl group of the free amidic extractants and nitric acid coordinated by TBP, respectively. [ , ] Both bands show an absorption below the baseline, meaning that the absorbance is stronger in pre-equilibrated solvents than a er ruthenium extraction. ν a (NO 2 ) at cm -1 has an absorption below the baseline due to the substitution of extracted nitric acid by ruthenium complexes in the TBP solvent. ν(CO) shi s to ν (CO) at cm -1 a er ruthenium extraction, which corresponds to the carbonyl group of the amide extractants that is linked to ruthenium complexes. [ ] The di erence between ν(CO) and ν (CO) is small ( -cm -1 ).

. . Ruthenium in Solvents with di erent Oxygen-Donor Extractants

A direct coordination of carbonyl groups to a metallic center would shi ν(CO) of at least cm -1 , as reported formerly.

[ -] Accordingly, such a small shi represents a weak interaction of the extractants with ruthenium complexes, such as outer sphere interactions. Fletcher et al. reported an outer sphere interaction between TBP molecules and water ligands of ruthenium nitrosyl complexes. [ ] This small carbonyl shi suggests that MOEHA, TBU and TODGA also interact in same manner as TBP with ruthenium complexes.

The bands ν a (NO 2 ) at cm -1 correspond to the asymmetric stretching of nitrate ligands in ruthenium complexes. [ , ] In all solvents, the band appears at the same frequency but with a different relative absorbance. A higher absorbance is observed with TBU, which could indicate more nitrate ligands per ruthenium complex. Whereas TBP solvents predominantly extract the trinitrate ruthenium(III) nitrosyl complex, [ ] TBU seems to extract more ruthenium complexes with four ni-trate ligands. Ruthenium(III) complexes with four nitrate ligands would result as an anionic complex, which must be protonated in order to be neutral and extractable in such oxygen-donor extraction systems. The extractant would interact with the complex via hydrogen bridge in the outer ligand-sphere, as shown in Figure .   0 0.1 0.2 0.3 0.4 0.5 0.6 2 1.5
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Figure -Proposed interaction between TBU and a tetranitrato complex

A similar outer-sphere interaction was observed between plutonium(IV) and tetra alkyl carbamides, such as TBU, as well as for N,N-dialkyl amides, such as MOEHA. [ , ] The presence of anionic complexes will be verified by use of 15 N-NMR spectroscopy later in this chapter.

The band ν s (NO 2 ) at cm -1 only appears in TBP solvents. According to Ferraro et al.,[ ] this band belongs to nitric acid coordinated by TBP. The absorbance of the band is below the baseline, since ruthenium replaces nitric acid a er extraction, which was similarly observed with band ν a (NO 2 ) at cm -1 .

The bands ν s (NO 2 ) at cm -1 and ν(NO) at cm -1 also correspond to nitrate ligands in ruthenium complexes.

[ , ] ν(NO) at cm -1 is less intense in TBP and has no shoulder at higher wavenumber, as observed for the other solvents. A lower intensity of ν(NO) at cm -1 in the ruthenium normalized spectrum indicates fewer nitrate ligands per ruthenium complex in TBP than in TBU (and potentially MOEHA and TODGA). This observation also indicates more anionic tetranitrato complexes in TBU (and potentially MOEHA and TODGA) than in TBP solvents, which is consistent with the observation made with the intensity of ν a (NO 2 ) at cm -1 . The same trend can also be observed in bands ν(Ru-O) at cm -1 , which may belong to a stretch of the Ru-O bond.

Altogether, the comparison of FTIR spectra has outlined that all extractants interact in the outersphere of ruthenium complexes. These interaction are based of hydrogen bridges, either via water or nitrate ligands of ruthenium complexes. Extracted complexes only di er regarding the intensity of nitrate ligands per ruthenium complex, represented by band ν a (NO 2 ) at cm -1 and ν(NO) at cm -1 in the ruthenium normalized spectra. This di erence gives a first hint that ruthenium(III) nitrosyl nitrate complexes might be extracted in form of a neutral trinitrate or an anionic tetranitrato complex. In order to better identify such species, further analytical methods were applied.

Analysis of the EXAFS spectra

A er ruthenium extraction from nitric acid, the four solvents were analyzed with EXAFS spectroscopy at the Ru K edge. The solutions were prepared with the same method as the ones in the previ-Bond between ruthenium and coordinating nitrate ligands.

ously studied FTIR spectra. and nitrogen from the nitrate ligand (long) are overlaid, causing multiple scattering e ects in the ligand sphere. The four pseudo radial distribution functions are quite similar, which gives evidences for the similar outer sphere interaction of the di erent extractants in ruthenium complexes. A di erence concerning the number of nitrate ligands cannot be identified, since numerous nitrogen atoms from nitrates result a great uncertainties. So it requires alternative analytical methods.

. . . Speciation in Organic Phases a er Extraction from Nitric Acid with 15 N-NMR

Speciation with 15 N-NMR allows an individual identification of ruthenium(III) nitrosyl complexes in nitric acid, as shown formerly.

[ , ] Organic solvents have the advantage that the number of different ruthenium complexes is much lower than in nitric acid solution, as shown previously. However, a disadvantage is the low ruthenium concentration in organic solvents, which requires the use of 15 Nenriched chemicals and potentially modified extraction conditions. In order to achieve the maximum concentration of ruthenium complexes with 15 N-nitrates in the organic phase, the extraction with TBP, MOEHA, TBU and TODGA were performed from 15 N-enriched nitric acid, with ruthenium(III) nitrosyl nitrate. Except from the higher ruthenium concentration and the lower nitric acid concentrations, the extractions were performed at similar temperature, contact time and organic/aqueous nitric acid were used instead of nitric acid solutions, because ( ) ruthenium has the highest distribution ratio at this condition for most of the applied extractants, as it will be discussed in the following section, ( ) it represents PUREX process conditions for TBP, and ( ) it reduces the need of expensive 15 N-enriched nitric acid. The MOEHA extraction (brown) similarly shows a / ratio of the signals at -. ppm and at -. ppm, confirming the extraction of a mer-trinitrate complex. Contrary to TBP, the MOEHA solvent extracts only small amount of the mer-trinitrate complex but significantly higher amounts of the com-plex represented in at -. ppm. Since only one signal appears, the corresponding complex must have a number of nitrate ligands with a very similar chemical displacement. An anionic tetranitrato ruthenium(III) nitrosyl complex fulfills this criterion. The four equivalent nitrate ligands in the equatorial coordination sphere have a similar chemical displacement which is shi ed to the low field in face of the trinitrate complex, represented by the signals and .

This assignement of to anionic tetranitrato complexes was confirmed using 15 N-NMR analysis of ruthenium extraction with TBP from to nitric acid solution, as shown in the Figure A . on page . These 15 N-NMR spectra show a relative increase of the signal for higher nitric acid concentrations, meaning that high nitric acid concentrations favorize the extraction of tetranitrato complexes.

Extractants must interact with anionic tetranitrato complex via hydrogen bridge, which was already observed for monoamide extractants, such as MOEHA, in the context of plutonium(IV) extractions from ≥ nitric acid. [ ] At the present time, anionic ruthenium nitrosyl complexes were not reported for monoamide extractants. This observation with 15 N-NMR shows a general preference of monoamides for anionic complexes, such as hexanitrato complexes of plutonium(IV) or tetranitrato complexes of ruthenium(III).

The TBU extraction (green) similarly shows the tetranitrato complex in signal at -. ppm as the main organic phase specie. The predominance of the tetranitrato complex is in agreement with FTIR -34 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14
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Figure -Proposed structures of ruthenium trinitrate complexes in TBU solvents

The fac-trinitrate complex was reported to be disfavored, due to the strong trans e ect of the nitrosyl group which hinders the coordination of nitrates in axial position. [ ] So the origin of and cannot be fully explained on basis of these spectroscopic data.

The TODGA extraction (purple) shows a / relation of the nitrate ligands in at -. ppm and at -. ppm, which is consistent with a mer-trinitrate complex. This complex is predominant in the TODGA solvent. In comparison to MOEHA and TBP, the chemical displacement of mer-trinitrate complex in and is shi ed to low field. This shi is due to the lower concentration and di erent structure of nitric acid in the TODGA solvent, as shown with the signals for extracted nitric acid between -and -ppm. The tetranitrato complex in at -. ppm only appears in traces.

Overall, two main ruthenium complexes are identified: a mer-trinitrate complex mainly occurs in TBP and TODGA, and a tetranitrato complexe which predominates in MOEHA and TBU. Figure The preference of the solvents for either the trinitrate or the tetranitrato complex should result in di erent distribution ratios for ruthenium extractions from di erent nitric acid concentrations, which is analyzed and discussed in the next section.

. . . Quantification of Ruthenium, Nitric Acid and Water Extraction

Results from FTIR and EXAFS spectroscopy evidence that all solvents extract ruthenium complexes with an identical axial coordination sphere, composed of one nitrosyl and one water ligand. According to the 15 N-NMR results, the equatorial coordination sphere di ers between the solvents. Whereas TBP and TODGA solvents mainly extract the mer-trinitrate complex with one water and three nitrate ligands in the equatorial coordination sphere, MOEHA mostly extracts a tetranitrato complex with four nitrate ligands in the equatorial coordination sphere.

In the case of the tetranitrato complex, the extractant likely interact via hydrogen bridge with nitrate ligands of ruthenium. In case of the mer-trinitrate complex, the extractant likely interacts via hydrogen bridge with water ligands of ruthenium. If it interacts in the outer coordination sphere, there must be a quantitative relation between the extraction of ruthenium and the coextraction of water and/or nitric acid. Solvents that coextract more water and/or nitric acid will provide better conditions to interact with nitrate and/or water ligands of ruthenium complexes. In order to test this hypothesis, Figure The distribution ratios in (a) and (b) both show a bell-shape for ruthenium extraction with TBP, MOEHA, and TODGA. The bell shape is well known for solvent extractions with neutral extractants such as TBP. [ ] The ruthenium distribution ratio increases when the nitric acid concentration increases, firstly, since the extraction of a metallic ion requires nitrates as counterions to form a neutral extractable complex. In these complexes, the extractant acts as a neutral ligand in the inner or outer coordination sphere. Secondly, the ruthenium distribution ratio declines due to overwhelming e ect of extracted nitric acid which is in competition with the extraction of the ruthenium.

The maximum of the ruthenium distribution ratio is di erent for each solvent. With the TBP solvent, the maximum of the ruthenium distribution ratio appears with aqueous nitric acid concentration.

With MOEHA and TODGA solvents, the maximum of the ruthenium distribution ratio appears with aqueous nitric acid concentration. With the TBU solvent, the ruthenium distribution ratio increases until aqueous nitric acid where it reaches a nearly constant plateau until nitric acid. Such a plateau shows that high nitric acid concentrations favor ruthenium extraction with TBU. Facing the extraction behavior of TBP and TBU from > nitric acid, it seems to be unlikely that both solvents extract exactly the same ruthenium complex.

15 N-NMR and FTIR studies in this section have shown that TBP and TODGA extract ruthenium as a neutral mer-trinitrate complex, whereas MOEHA and TBU predominantly extract an anionic tetranitrato complex. With these two species in mind, the ruthenium extraction behavior can be explained for all the solvents. Regarding ruthenium extractions from ≤ nitric acid solution:

• TBP and TODGA have a relatively high ruthenium distribution ratios, since the nitric acid concentration is high enough to form extractable mer-trinitrate complexes .

and complexes with axial OH ligands which were identified by use of ESI-MS and FTIR spectroscopy for ruthenium extraction with TBP from nitric acid, as shown in chapter . on page and

• MOEHA and TBU have a low ruthenium distribution ratio, since the concentration of nitric acid is too low to form su iciently the extractable tetranitrato complexes.

These extraction characteristics are inverse when the aqueous nitric acid concentrations increases.

Regarding ruthenium extractions from > nitric acid:

• TBP has a strongly declining ruthenium distribution ratio since barely extracted tetranitrato complexes become predominant and extracted nitric acid shield the phosphoryl group of TBP, hindering its interaction with ruthenium complexes.

• MOEHA has a slightly declining ruthenium distribution ratio since tetranitrato complexes are extracted but the organic phase is saturated with nitric, hindering an interaction with ruthenium complexes.

• TBU has a nearly constant ruthenium distribution ratio, since it has a high nitric acid extraction capacity, which facilitates the interaction with the highly preferred anionic tetranitrato complexes.

• TODGA has a slightly declining ruthenium distribution ratio which remains on a relatively high level. The slight decrease, in comparison to TBP, might be due to the low nitric acid extraction, which does not enable a complexes transformation during contact with > nitric acid.

The water coextraction represents another parameter that gives information on the ruthenium complexes. Plot (c) shows a nearly linear correlation between ruthenium and water extractions. This linear correlation has a higher slope for extractions with the multifunctional extractant TODGA. The higher slope observed for TODGA either comes from a di erent interaction with ruthenium complexes, or from the presence of n-octanol, which a ects the water extraction. From and nitric acid, TBU extracts more ruthenium than expected by the linear relation between water and ruthenium extraction. The excess likely comes from the strong extraction of anionic complexes, which represents a second interaction mode. Overall, the linear relation between ruthenium distribution ratio and water extraction supports former hypothesis of TBP-ruthenium interactions via the hydrogen atoms of water ligands, [ ] and generalizes this interaction mode for di erent solvent extraction systems.

The non-decreasing ruthenium distribution ratio might be also due to a hydrolytic cleavage of TBU: FTIR spectra of TBU .

in TPH a er pre-equilibration with > nitric acid show a significant amount of carboxylic acid, as shown in Figure A . on page . Carboxylic acid likely changes the nitric acid extraction by TBU and potentially the interaction with the ruthenium complexes.

. . . Conclusion

Extractions from nitric acid without raised nitrous acid concentrations show that TBP, MOEHA, TBU and TODGA extractants do not coordinate in inner coordination sphere of ruthenium complexes, as far as it can be measured with FTIR and EXAFS spectroscopy at such low ruthenium concentrations.

The extracted ruthenium structure is similar but not identical in all solvents. 15 N-NMR has shown to be the most powerful approach for organic phase speciation of ruthenium, since individual complexes can be simultaneously identified and compared in di erent organic solvents. Speciation of ruthenium extraction from and nitric acid solutions shows that

• TBP and TODGA slightly extract the (a) anionic tetranitrato complexes, and mainly extract (b)

the mer-trinitrate complex,

• MOEHA and TBU mainly extract the (a) anionic tetranitrato complexes, and slightly extract the (b) mer-trinitrate complex, These two complexes explain the di erent ruthenium distribution ratios observed for TBP, MOEHA, TBU and TODGA at di erent nitric acid concentrations:

• TBP prefers the mer-trinitrate complex, causing relatively high ruthenium distribution ratios for extractions from < nitric acid and relatively low distribution ratios for extractions from > nitric acid.

• MOEHA and TBU prefer the tetranitrato complex, causing notably low ruthenium distribution ratios for extractions from < nitric acid, and relatively high distribution ratios for extractions from > nitric acid .

• TODGA has high ruthenium distribution ratios for extraction from to nitric acid, since it well extracts mer-trinitrate complexes but relatively little nitric acid. A low nitric acid extraction hinders a transformation ruthenium complexes, causing little e ect of nitric acid on extracted ruthenium species and their distribution ratios.

Furthermore, a linear relation between the ruthenium distribution ratio and water extraction confirms the hypothesis of extractant-water ligand interaction for TBP, and partially includes other solvent extraction systems. More a solvent extracts water during acid pre-equilibration, more it extracts ruthenium nitrate complexes. Whether such complexes and interactions change in subsequent scrub stages of solvent extraction processes will be discussed in the following chapter.

which was di erent for TBP and nitrite complexes in section . and ruthenium complexes with an axial OH ligand, as shown chapter .

. . Characterization of Ruthenium in Scrub Stages

Although ruthenium is poorly extracted by TBP, small amounts already cause high radiation levels for the solvent, due to the isotopes ruthenium -and . Both isotopes are even more common in spent mixed oxide (MOX) fuel, which is one reason why multi-recycling of MOX fuels becomes challenging. Extraction and scrub of ruthenium was modeled for TBP solvents with the CEA-Orano PAREX

code [ ] The model considers [RuNO (NO 3 ) 3 (H 2 O) 2 (TBP) 2 or 3 ] complexes with TBP in the outer ligand sphere. With these outer sphere complexes, the model can reproduce experimental data of ruthenium extractions, but the model fails in describing the behavior of ruthenium during scrubs with nitric acid. In these stages, ruthenium appears with abnormal high distribution ratios. This unexplained phenomenon is called ruthenium retention.

In this chapter, extractions and scrubs are analyzed in batch experiments with TBP, MOEHA, TBU and TODGA solvents. The solvent comparison was performed to show if the retention is related to TBP, or a more general phenomenon with oxygen-donor extractants. Once the distribution ratios were analyzed, ruthenium complexes were characterized with ESI-MS and/or 15 N-NMR in the organic phase a er extraction and scrub experiments. This approach aims to link distribution ratios with the presence of some nitrosyl complexes. Finally, the ruthenium coordination sphere is modified using nitrous acid before the extraction and scrubbing experiment in order to clarify if specific ligands or ligand exchanges cause the ruthenium retention. 

Sample preparation

. . . Comparison of Ruthenium Scrub Properties in di erent Oxygen-donor Solvents

In order to compare ruthenium scrubs in di erent oxygen donor extraction systems, absolute and relative retention values have been considered: The absolute retention is defined as the di erence of the distribution ratios during extraction and scrub at similar contact conditions:

Ret abs (x) = D Scr Ru (x) -D Ext Ru (x) with x = c HNO 3 ( )
The relative retention is defined as the absolute retention divided by the distribution ratio of the extraction at similar contact conditions:

Ret rel (x) = D Scr Ru (x) -D Ext Ru (x) D Ext Ru (x) with x = c HNO 3 ( )
Both absolute and relative retention are necessary to describe ruthenium scrubs, since one solvent can have a small absolute and a high relative retention, or inverse. Using these definitions for the ruthenium retention, di erent systems oxygen donor extraction systems can be compared. for di erent c(HNO 3 ) in the initial aqueous phase of the scrub For all applied solvents, the scrubs with nitric acid B have higher ruthenium distribution ratios than equivalent extractions from nitric acid. Accordingly, ruthenium retention is not specific to TBP solvents, it also appears with monoamides, carbamides and diglycolamides, such as MOEHA, TBU and TODGA.

In the TBP solvent (a), the nitric acid scrub shows the second highest absolute retention of .

and the lowest relative ruthenium retention of . TBP has a low relative ruthenium retention since it better extracts ruthenium from nitric acid than the other solvents, which results a low quotient according to equation . The TBP scrub with nitric acid shows a ruthenium distribution ratio which is consistent with the isothermic distribution ratio curve. Accordingly, there is no measurable ruthenium retention in TBP for scrubs with nitric acid.

In the MOEHA (b) and the TBU (c) solvents, nitric acid scrubs show the lowest absolute retention.

The relative retention is higher for TBU than for MOEHA, since TBU extracts less ruthenium from nitric acid. Scrubs with nitric acid show a low ruthenium retention, which might be related to the preference of MOEHA and TBU to extract anionic tetranitrato complexes of ruthenium, as discussed in chapter . . Concerning TBU, the retention at high nitric acid concentration can also be related to the solvent degradation, which was observed in the last chapter by use of FTIR spectroscopy during contact with > nitric acid, as shown in the Appendix A . on page .

In the TODGA solvent (d), scrubs with and nitric acid show by far the highest relative and absolute ruthenium retention, for unknown reasons so far. It might be related to the strong extraction of trivalent ions. [ , ] Overall, the solvent comparison shows low ruthenium retention factors for scrubs with nitric acid, and high ruthenium retention factors for scrubs with nitric acid. Therefore, it is the nitric acid scrub that must be investigated, which was realized in the following sections by focusing on the structural modification of ruthenium complexes.

. . . Speciation of Ruthenium Scrubs for di erent Oxygen-donor Extractants

It was hypothesized in the introduction that ligand exchanges in ruthenium complexes may be relate to the ruthenium retention during scrubs with nitric acid. Chapter . has shown that ESI-MS can simultaneously identify di erent ruthenium complexes that di er in the number of OH, nitrate and nitrite ligands. In order to investigate if such ligand exchanges, which might be related to the ruthenium retention, ESI-MS spectra were recorded and compared for ruthenium extractions and scrubs.

The ESI-MS spectra only show ruthenium complexes with at least one extractant molecule. These complexes di er regarding the axial ligand in the face of the nitrosyl group. Complexes with an axial OH ligand are detected in form of [RuNO (NO 3 )(ACN) (OH)(L)] + , and complexes with an axial water ligand are detected in form of [RuNO (NO 3 ) 2 (L) 1or2 ] + . Similar complexes were formerly reported for TBP solvents by Lefebvre et al. [ , ] However, the detection of these complexes depends on the experimental condition, meaning that the complexes are not detected for all solvent extractions and scrubs similarly. Therefore, the results are discussed separately for the TBP, MOEHA and TODGA solvents.

In the TBP solvent (a), the complex [RuNO (NO 3 ) 2 (TBP)] + can be similarly identified a er extraction from and scrub with nitric acid. There is no qualitative di erence between the two spectra.

High distribution ratios of ruthenium, such as observed for scrubs with or nitric acid, were related to the formation of Ru-DBP species in the organic phase by Pruett in , as discussed on Overall, ESI-MS spectra only show a detectable complex when the interaction between the extractant and the ruthenium complex is su iciently strong. ESI-MS spectra indicate a stronger interaction between MOEHA, TODGA and the ruthenium complexes during the scrub. So the transformation of axial water into OH ligands in ruthenium complexes also seems to reinforce the interaction between the extractant and the ruthenium complex. One reinforced interaction could be an inner sphere coordination of the extractant in ruthenium complexes. An inner sphere coordination of the extractant could appear regarding the following hypothesized reaction mechanism which is illustrated in Fig-

ure and described below:

(A) Ruthenium is mainly extracted in form of an outer sphere complex, as discussed in chapter . . This outer sphere interaction is weak, resulting low distribution ratios and complexes barely detectable with ESI-MS.

(I) When extracted ruthenium is scrubbed with or nitric acid, the nitric acid concentration in the organic phases decreases. A decrease of nitric acid can fewer counteract against the formation of hydroxide ligands. Scrubs with nitric acid therefore forms an axial OH ligand. One OH ligand decrease the charge of ruthenium complexes from to -, which causes anionic complex.

An interaction of extractant with the anionic ruthenium complex with an axial OH ligand via hydrogen bond is not favored due to low nitric acid concentration in the organic phase during scrubs with or nitric acid. Alternatively, the anionic ruthenium complex with an axial OH ligand can also release a nitrate ligand in order to become electrically neutral. A nitrate ligand can be protonated and released in form of nitric acid from the ruthenium complexes.

(II) The removal of a nitrate ligands opens a spot in the equatorial position of the inner ruthenium ligands sphere, which can be occupied by a water molecules, such as proposed formerly by Lefebvre et al. [ ] However, an extractant molecule may also enter the ruthenium coordination sphere as neutral ligand. In terms of concentrations, the possibility for the extractant to take the free spot is higher than the one for water molecules. Even when water ligands are more stable than extractants in the inner coordination sphere of ruthenium thermodynamically, the high extractant concentration makes an inner sphere coordination of the extractant kinetically possible. (B) The extractant in the inner sphere of ruthenium nitrosyl complex destabilizes the OH ligand, such as observed with nitrite ligands.

(III) The OH ligand transforms back into a water ligand. Meanwhile, an equatorial water ligand is substituted by a nitrate.

(C) A er a number of transformations induced by a decreasing nitric acid concentration, the extractant appears in the inner coordination sphere of ruthenium complexes. Such an inner sphere coordination must be strong enough to increase the ruthenium distribution ratio, which would explain the abnormal retention phenomenon.

All applied organic solvents contain more extractants than water molecules under scrub conditions with or nitric acid. For instance, the MOEHA solvent contains .

of the extractant initially, and . of water a er pre-equilibration with nitric acid. Accordingly, the MOEHA solvents contains times more extractants than water molecules. The water concentrations in the solvents were shown for acid pre-equilibration in Figure on The mechanism represents one explanation for the ruthenium retention. However, it cannot explain why complexes with two TODGA can be detected a er the scrub with . Perhaps, even more complicated mechanisms take place that cannot be fully understood on the basis of the spectroscopy findings. Further spectroscopic investigation might be useful in order to better characterize ruthenium complexes and a potential inner sphere coordination of the extractant during scrubs and extractions. 

H 2 O H 2 O
The extraction phase A org shows four di erent nitrate ligands signals. Signal at -. ppm is associated to the anionic tetra nitrato complex, as reported in chapter . . Signal at -. ppm and at -. ppm appear in a / integral relation, which is consistent with the mer-trinitrate complex.

This complex was already reported by use of 15 N-NMR in chapter . , but also in the literature. [ , ,

] Besides the main signals, traces of further ruthenium complexes are represented by signal * and . Signal signal * likely represents two trans nitrate in the equatorial coordination sphere in a ruthenium complexes that slightly di ers from the mer-trinitrate complex. This complex might be a complex with a nitrite ligands. However, no nitrite ligands can be identified in the extended NMR spectra between and ppm, as shown in the appendix on page . So two trans nitrate in * rather correspond to a fac-trinitrate complex. Although fac-trinitrate complexes are supposed to be disfavored, due to the trans e ect of the nitrosyl group, this 15 N-NMR spectrum indicates that small traces may exist in TBP phase. [ , , ]

The organic phase B org a er scrub with nitric acid shows the same signals as the initial organic phase A org but with di erent integral ratios. Signal and of the trinitrate complex keep the same integral relation of / , whereas the integral of the tetranitrato complex decreases from . to . . This decrease shows an instability of the tetranitrato complex during the scrub with nitric acid, which is well explained by a decrease of nitric acid in the organic phase. The lower nitric acid concentration in the organic phase destabilizes the tetranitrato complexes and the interaction via hydrogen bond. Similarly, the decrease of the signals * and show a decrease of the fac-trinitrate complex ,

The relative concentration of the tetranitrato complexes is higher in TBP . in TPH than in TBP . in TPH, as shown in chapter . on page . The higher concentration of the tetranitrato complex in TBP .

in TPH is likely due to a higher concentration of T BP • HNO 3 adducts, which facilitates the interaction between TBP and the anionic ruthenium complex.

or complexes that may belong to these signals relative to the mer-trinitrate complexes represented by and . Accordingly, the mer-trinitrate complex appears with a higher relative intensity a er scrub with nitric acid than a er extraction from nitric acid. This higher relative intensity indicates that mer-trinitrate complexes are related to the The integral of the signal slightly increases in the organic phase a er scrub with nitric acid C org . This increase indicates a formation of the tetranitrato complex. However, the tetranitrato complex remains a minor specie in TBP solvents, whereas the mer-trinitrate complex is always the predominant specie at all applied nitric acid concentrations. The limited capacity of TBP solvents to extract the tetranitrato complexes explains the e ectiveness of scrubs with nitric acid. Meanwhile, the signals and appear with a / . integral relation, indicating a deformation of the trinitrate complex. New complexes are formed with , and with a / . / . integral relation, respectively.

Whereas and still correspond to to the mer-trinitrate complex, * and may represent the factrinitrate complex, as shown in Table . The fac-trinitrate complex was reported to be disfavored, The high di erence between the aqueous nitric acid concentrations of the two scrubs may result a di erent chemical displacement for similar nitrate ligands, as it was observed for di erent concentration of nitric acid in the organic phase in Figire A . on page . So an assignment, such as it was done for the organic phase, is di icult. 

. . . Kinetics of Ru-NO 2 Extraction and Scrubs

Whereas some data have been published on the kinetics of extraction and scrubs of ruthenium trinitrate complexes with TBP, [ , ] the kinetics of nitrite complexes have not been analyzed yet.

Some studies were performed with the following approach: 

Sample Preparation

. . . Conclusion

This chapter has shown that ruthenium retention not only occurs with TBP solvents, it also appears with other oxygen-donor extractants such as MOEHA, TBU and TODGA. Nevertheless, ruthenium retention di ers quantitatively between the extractants, which is rated in the No ruthenium retention occurs for nitrite complexes since the distribution ratios of scrub with nitric acid are on the same level as extraction from nitric acid.

The inner coordination of TBP in ruthenium complexes destabilizes the OH ligand. So the complex with an axial OH ligand reacts back into a complex with an axial H 2 O ligand when TBP coordinates in the first coordination sphere.

.

Heating of the scrub phases

Increasing the temperature of the scrub from • C to • C decreases the ruthenium distribution ratios/ lowers the ruthenium retention. Scrubs at • C for only min appear with ruthenium distribution ratio on the level of ruthenium extractions from nitric acid, showing that the ruthenium retention can be avoided even for a contact time span as in the industrial PUREX processes. [ ] An absence of the ruthenium retention at high temperature indicates an instability of the extractant in the inner coordination sphere of ruthenium. Accordingly, an inner sphere coordination of ruthenium is kinetically preferred, but it is thermodynamically not stable.

Ru NO L O NO 3 NO 3 H 2 O L H ΔT -L +H 2 O Ru NO O NO 3 NO 3 H 2 O L H H 2 O
Overall, these results indicate a metastable inner sphere coordination of TBP in ruthenium complexes, which causes the abnormal high ruthenium distribution ratios during scrubs with nitric acid, known as the ruthenium retention.

Chapter Conclusion & Perspective

More than years of studies on ruthenium in the PUREX process have shown the presence of many nitrosyl complexes in nitric acid solution and TBP solvents. These complexes are diverse and ligands may exchange in the first coordination sphere with low reaction kinetics. No analytical method enables an unmitigated identification of these complexes and their transformations yet. Diversity and reactivity of ruthenium complexes are therefore very hard to follow. This thesis attempted to clarify some aspects by linking the ruthenium speciation with the extraction behavior. Even when no quantitative data was precisely measured, such as extraction constants or reaction kinetics, the thesis provides a wide overview on the behavior of ruthenium in solvent extraction process, regarding:

Ruthenium Speciation in Nitric Acid

• Previous studies stated that it was necessary to heat nitric acid solution of ruthenium to reach a thermodynamic equilibrium between the complexes prior to extraction experiments. [ , ] By use of Raman spectroscopy, it was shown for the first time that heating nitric acid solutions of ruthenium shows no complex transformations in nitric acid, slow complex transformations in nitric acid and relatively fast transformations in nitric acid. It remains to clarify if such transformations are reversible.

• Previous solvent extraction studies mostly focused on nitrate complexes of ruthenium. This study has shown that nitrites can enter the inner ligand sphere of ruthenium complexes in nitric acid solution which were irradiated with 137 Cs.

• Ruthenium nitrite complexes reconvert into nitrate complexes within several weeks. The reconversion requires an escape of nitrous gases which are formed by nitrous acid degradation.

• Former studies reported the presence of ruthenium nitrite complexes in nitric acid solutions, but mostly without discussing their relevance for PUREX processes. Herein, a parametric study has shown that ruthenium nitrite complexes can be formed in the range of -nitric acid by adding nitrite salts. The addition of nitrites successively forms mono, cis-di-and partially mertrinitrite complexes of ruthenium. These species were identified by comparing experimental and DFT calculated Raman spectra. Some of the identified complexes are shown in Figure .  H • Overall, it becomes obvious that nitrous acid formation, coordination and degradation are dynamic reactions in nitric acid solution, particularly at high radiation levels as under the conditions of spent nuclear fuel solutions. Such dynamic reactions make it hard, or even virtually impossible, to forecast which ruthenium complexes appear in dissolved nuclear fuel. So it was concluded to be more useful to focus on the organic phase speciation, where the number of co-existing ruthenium complexes was observed to be significantly lower. ). In the context of this thesis, it was shown that extracted nitrous acid reacts with extracted ruthenium nitrosyl nitrate complexes, showing that nitrites substitute nitrate ligands in the inner coordination sphere of ruthenium complexes, as it was similarly observed with nitric acid solutions in chapter . .

• The substitution of nitrate ligands by nitrites strongly changes the ruthenium distribution ratios.

It was shown that ruthenium nitrite species have notably high distribution ratios for extractions from nitric acid and notably low values for extractions from > nitric acid.

• TBP can coordinate in the inner axial sphere of nitrite complexes, which was not observed with ruthenium nitrate complexes. Nitrites per ruthenium atom in the initial aqueous phase

• Under simplified PUREX process conditions, ruthenium scrubs with nitric acid show a much higher distribution ratio than extractions with contact conditions. This abnormal phenomenon, known as the ruthenium retention, is a well know industrial challenge. This thesis has shown that it also appears in alternative extraction systems with MOEHA, TBU and TODGA extractants.

• One hypothesis was stated to explain the ruthenium retention during scrubs with nitric acid on the basis of an organic phase characterization with ESI-MS and 15 N-NMR: The formation of ruthenium complexes with an axial OH ligand in the organic phase during scrubs with nitric acid releases a nitrate ligand to keep the neutral charge of the complex. A release of a nitrate ligand liberates a spot in the equatorial ligand sphere. This spot must be occupied by a neutral ligand, which can be either a water or an extractant molecule. High extractant concentrations in the organic phase favor an inner ligand sphere coordination of the extractant in ruthenium(III) nitrosyl complexes.

Scrub with
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Figure

-Inner sphere coordination of the extractant during scrubs with nitric acid

• The Tc scrub of the PUREX process also serves as an e icient ruthenium decontamination. In the context of this thesis, it was shown that the Tc scrub with ≈ nitric acid decomposes the mer-trinitrate complex while forming anionic tetranitrato complexes, which are barely extracted by TBP. This finding explains the high e iciency of Tc scrubs for ruthenium decontamination in TBP solvent extraction cycles.

• Two possibilities to avoid ruthenium retention in TBP were suggested: Either nitrite complexes can be synthesized prior to scrubs, or the scrubs can be performed at high temperature (≥ • C). Nevertheless, this thesis pioneers how ruthenium can be e ectively removed from the TBP solvents in early scrub stages with nitric acid: Either the scrub is performed at ≥ • C, or nitrous acid is added to complexes ruthenium prior to the scrub. Both strategies may help to make the PUREX process more e icient regarding ruthenium decontamination.

Perspective Besides the scientific findings, this thesis provides an approach of coupled spectroscopic methods, such as Raman and DFT or ESI-MS and 15 N-NMR, which can be used for further speciation of ruthenium and other elements. Concerning the ruthenium speciation, the following investigations are useful:

• Raman analysis of an equilibrated nitric acid solution of ruthenium, which is diluted to nitric acid.

→ It was shown that complexes with an axial OH ligand complexes transform into complex with an axial water ligand at rising nitric acid concentration. Contrary, it was not shown yet that decreasing nitric acid concentration induce a reversion into complexes with an axial OH ligand.

• Slope analysis: Measuring the ruthenium distribution ratio as a functions of the extractant concentrations in the solvent → Since extracted ruthenium complexes can di er in the number of nitrate and nitrite ligands, they may be coordinated by a di erent number of extractants. This classical slope analysis can be applied to better identify the average number of extractant per ruthenium complexes in TBP, MOEHA, TBU and TODGA solvents.

• Scrubs of MOEHA and TODGA solvents with nitric acid at higher temperature → It was shown that increased scrub temperatures decrease or even avoid the ruthenium retention in TBP solvents. This e ect could be analyzed in further experiments with MOEHA, TBU and TODGA solvents.

• 15 N-NMR analysis of ruthenium dissolution (metallic or oxide) in 15 N-enriched nitric acid → The chemical displacement of the nitrosyl ligand in 15 N-NMR spectra was not assigned in this thesis satisfactorily. A dissolution of metallic ruthenium in 15 N-enriched nitric acid would inevitably form 15 N-nitrosyl and potentially 15 N-nitrite ligands. These ligands could be identified by use of Raman spectroscopy in a first step. Then, the solution could be analyzed by 15 N-NMR spectroscopy to finally determine the chemical displacement of the nitrosyl ligand. 

A . . E ect of Nitrous Acid on Ruthenium in Solvent Extraction Systems

A . . .Individual extraction equilibria of ruthenium species

In order to verify if di erent ruthenium species underlie individual extraction equilibria, a solvent extraction experiment was performed in the following manner: This behavior shows that individual ruthenium complexes in solutions A and B underlie di erent extraction equilibria, such as:

Sample Preparation

[Ru(NO)(NO 3 )(NO 2 ) 2 (H 2 O) 2 ] + n • T BP [Ru(NO)(NO 3 )(NO 2 ) 2 (H 2 O) 2 ] • T BP x + (n -x) • T BP ( )
for complexes in solution A and :

[Ru(NO)(NO 3 ) 3 (H 2 O) 2 ] + n • T BP [Ru(NO)(NO 3 ) 3 (H 2 O) 2 ] • T BP x + (n -x) • T BP ( )
These equilibria illustrate that the ruthenium distribution ratio increases when the initial aqueous phase contains ruthenium in form of nitrite and nitrate complexes. A mixture of nitrate and nitrite complexes may appear in the PUREX process when nitrous acid is not distributed homogeneously.

The risk of a non-homogeneous formation of nitrite complexes might be particularly high in loop systems, where nitrous acid is not in contact with the entire fuel dissolution similarly, and the di usion of nitrous acid in solution is limited. So despite the lower distribution ratio of nitrite complexes, the addition of nitrous acid into PUREX extraction cycles can inversely increase the ruthenium distribution ratio. In order to study the evolution of neutral trinitrate and anionic tetranitrato ruthenium complexes in TBP solvents, extractions were performed with the following methodology:

A . . Ruthenium in

A . . .Isothermic Ruthenium Distribution Ratios

Sample Preparation Solutions of ruthenium(III) nitrosyl nitrate were prepared in , , and 15 N-enriched nitric acid.

The solutions were heated for h to • C in a water bath. Meanwhile, TBP ( . in TPH was preequilibrated with , , and 15 N-enriched nitric acid in a / phase ratio for min at • C. The preequilibrated solvents was used for ruthenium extractions from the corresponding nitric acid solution.

The extractions were centrifuged, the phase were separated, and the organic phase was analyzed by 15 N-NMR. Apart from the band of the aliphatic ether at cm -1 and rising bands of carboxylic groups (ester or acid) at cm -1 and cm -1 , all other vibrations were already analyzed in chapter . . [ , ] The ether group at cm -1 apparently shi s to higher wavenumbers for higher nitric acid con- The spectra show that carboxyl groups are neither formed a er nitric acid pre-equilibration of TODGA .

in TPH + % n-octanol, nor a er ruthenium extractions with TODGA . in TPH + % n-octanol. Accordingly, the formation of carboxylic groups comes from the oxidation of n-octanol in presence of ruthenium complexes in the organic phase. This oxidation appears together with a shi of the nitrosyl band at cm -1 to lower wavenumbers and a decrease of the nitrate ligand band 

A . . .FTIR Analysis of Ruthenium Retention in TODGA

The ruthenium retention phenomenon is hard to characterize. Low ruthenium and high extractant concentrations makes it hard to identify a carbonyl / or phosphoryl shi due to inner sphere coordination of extractants in the ruthenium complexes. The TODGA solvent seems to be the most promising candidate for such an analysis. High ruthenium distribution ratios during extractions and scrubs ensure relatively high ruthenium concentrations, which can be analyzed, and the nitric acid / The band of nitrosyl ligands at cm -1 reflects the ruthenium concentration, which progressively decreases a er the scrubs with and nitric acid. Meanwhile, the highlighted carbonyl band at around cm -1 slightly decreases and shi s to higher wavenumbers when the extraction phase is scrubbed with nitric acid. Decrease and shi of the carbonyl band are related to lower ruthenium and nitric acid concentrations in the organic phase. Whereas the nitric acid scrub further decreases the ruthenium concentration, the nitric acid concentration increases in the TODGA phase. Such an increase of nitric acid is expected to shi the carbonyl group to lower wavenumbers, meaning a shi in opposite direction than for scrubs with nitric acid. This shi is not observed. Contrary, the carbonyl group shi s to even higher wavenumbers than a er scrub with nitric acid. This observation shows that retained ruthenium complexes cause the carbonyl shi s. Such a carbonyl shi unlikely accounts for pure outer sphere interaction of TODGA with ruthenium complexes. However, no detailed information can be obtained for the structure of these complexes by use of FTIR spectroscopy. in TPH organic phases a er ruthenium extraction and scrubs, according to chapter . . [ ] Sigma Aldrich, ed. IR Spectrum 
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  séparer l'uranium et le plutonium dans les usines du futur : N,N-dialkylamide MOEHA ou carbamide TBU ou pour une extraction groupée des actinides : diglycolamide TODGA). Les solvants TBP, MOEHA, TBU et TODGA ont des propriétés d'extraction très di érentes vis à vis des complexes nitreux. Si le TBP extrait bien ces complexes à faible acidité, les ligands monoamides et carbamides MOEHA et TBU les extraient très faiblement. En présence de TODGA, les complexes nitrite se dégradent en formant des complexes nitrites liés par l'atome d'oxygène beaucoup moins stables. En revanche, en l'absence d'acide nitreux, les extractions e ectuées à partir d'une solution d'acide nitrique montrent que l'ensemble des extractants TBP, MOEHA, TBU et TODGA interagissent en seconde sphère de coordination du ruthénium. La structure des complexes est similaire pour les quatre systèmes d'extraction même si pas complétemment identique. Les résultats spectroscopiques montrent que, suite à l'extraction depuis des solutions d'acide nitrique et les complexes de ruthénium ont les caractéristiques suivantes : • Le TBP et le TODGA extraient majoritairement le complexe mer-trinitrate, et minoritairement un complexes tétranitrato protoné, • MOEHA et TBU extraient légèrement le complexe mer-trinitrate, et principalement le complexe tétranitrato protoné. Ces deux complexes expliquent les coe icients de distribution du ruthénium observés pour TBP, MOEHA, TBU et TODGA selon la concentration d'acide nitrique : • Le TBP présente des coe icients de distribution élevés à faible acidité car l'extraction du ruthénium se fait par l'extraction des complexes trinitrate et partiellement des complexes avec groupe OH . Les coe icients de distribution diminuent pour les plus fortes acidités car l'extraction du ruthénium entre en compétition avec l'extraction d'acide nitrique et le TBP extrait très peu de complexes tétranitrato protonés. • À l'inverse, MOEHA et TBU présentent des coe icients de distribution du ruthénium particulièrement faibles lors d'extractions e ectuées à faible acidité. Cette observation est cohérente avec la spéciation, complexes de trinitrate majoritaires, très peu extraits par ces molécules. A partir d'une solution d'acide nitrique > , le coe icient de distribution devient plus élevé car ces conditions sont favorables à la formation et à l'extraction de complexe tétranitrato.

  Parmi ces résultats, cette thèse montre comment le couplage entre l'ESI-MS et la 15 N-RMN peut être utilisé pour la spéciation du ruthénium et d'autres éléments en phase organique. Nous proposons comme perspectives à ce travail plusieurs expériences : • Une analyse de l'extraction par la méthode des pentes : mesure du rapport de distribution du ruthénium en fonction des concentrations d'extractants dans le solvant. Cette étude permettra d' identifier le nombre moyen de molécule extractantes engagées dans les complexes de ruthénium, selon les concentrations en acide nitrique et nitreux. Cette connaissance permettra d'améliorer les modèles d'extraction en cours de validation pour le procédé PUREX. • Lavage du ruthénium par les solvants MOEHA et TODGA à partir d'une solution d'acide nitrique à température plus élevée. Cette étude permettrait de vérifier si une température élevée peut également éviter la rétention de ruthénium dans d'autres systèmes d'extraction liquideliquide que le TBP.
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 - Figure -Pictures of electricity generation using (a) coal, (b) nuclear or (c) wind power[ -] 

  nuclear fuel. All possible elements from nuclear fission (fission products) are shown in the periodic table in the Figure . The abundance of each individual fission product depends on the fissile nucleus and the energy of the impacting neutron. [ ] Higher the energy of the impacting neutron, lower is the di erence between the heavy and the light fission product, meaning that fission products with the mass between -u become more abundant, as shown in Figure (a). The abundance of fission products between -u also increases for the thermal fission of plutonium-and -, when compared to uranium-, as shown in Figure (b).

Figure

  Figure -Overview of elements that can be formed in a nuclear fission reactor [ ]

  Figure -Decay sheme of ruthenium-and -[ ]

A

  er spent nuclear fuel has been dissolved in nitric acid, selective elements are extracted and separated in solvent extraction cycles. One solvent extraction process is the "Plutonium Uranium Reduction Extraction" (PUREX) process. [ ] The process is industrially applied at la Hague site in France since and currently uses the extractant tri-n-butyl phosphate (TBP), diluted at . in "hydrogenated tetrapolypropylen" TPH.[ ] The structure of TBP is shown in Figure .

Figure - Figure -

 -- Figure -Structure of the PUREX extractant tri-n-butyl phosphate (TBP)

  phate (DBP) by TBP degradation. Pruett showed in that even a few m fraction of DBP in a TBP solvent substantially increase the ruthenium distribution ratio, [ ] as shown in Figure for (a) the ruthenium distribution ratio as a function of the stirring time for di erent concentrations of DBP in TBP . in n-dodecane, and (b) the structure of protonated DBP.

  Figure -(a) Distribution ratio of ruthenium as a function of the stirring time for extractions from nitric acid with di erent concentrations of DBP in TBP . in n-dodecane; [ ] (b) Structure of protonated DBP

Figure -

 - Figure -Simplified sketch of extraction and scrub stages in the PUREX process

  indicate an e icient scrub. In ideal circumstances, the scrubs does not a ect the uranium and plutonium concentrations while the ruthenium concentration decreases to zero. In reality, high decontamination factors occur for the Tc scrub with nitric acid, and notably low decontamination factors occur for the Zr scrub with nitric acid. [ ] The low ruthenium decontamination factor is due to high ruthenium distribution ratios during Zr scrubs with nitric acid, whereas equivalent ruthenium extractions from nitric acid show much lower distribution ratios. [ ] Accordingly, ruthenium extraction and scrub using nitric acid do not underlie the same phase exchange equilibrium. The abnormal high distribution ratio during scrub with nitric acid has been called ruthenium retention. [ ] Figure illustrates (a) the ruthenium retention during scrubs with nitric acid in face of (b) similar extraction/scrub equilibria as observed with nitric acid.

Figure

  Figure -Illustration of (a) the ruthenium retention during scrubs with nitric acid in face of (b) similar extraction/scrub equilibria as observed for contacts with nitric acid

Figure -

 - Figure -Structure of the (a) monoamide N-methyl, N-octyl ethylhexanamide (MOEHA) and (b) the carbamide tetrabutyl urea (TBU) [ , ]

  [ , ] For this reason, reprocessing prospects only consider the recovery of neptunium, americium and curium. The recovery of these three minor actinides would reduce the long-term (> years) radiotoxicity of high-level nuclear waste and the decay heat, which would simplify a geological disposal for high-level nuclear waste. Minor actinide recovery has been demonstrated at laboratory scale, but it has not been performed at an industrial scale yet. [ , -] This has many economical, political and technical reasons. One technical reason is related to the similar oxidation state and the very similar ionic radius of americium, curium and lanthanides in nitric acid solution. Since lanthanides are common fission products, an e icient separation of minor actinides is very hard to establish. Research currently focuses on a grouped actinide extraction (GANEX) process, which enables the separation of major and minor actinides together from the fission products. [ ] Such a process works with a di erent type of extractant that is able to extract uranium-VI, plutonium-IV, americium-III and curium III simultaneously. Suitable extractants are the polyalkylated diglycolamides, like N,N,N',N'-Tetraoctyl Diglycolamide (TODGA). [ , , ] The structure of TODGA is shown in Figure .

Figure

  Figure -Structure of the extractant N,N,N',N'-Tetraoctyl Diglycolamide (TODGA) [ ]

Figure

  Figure -Flow sheet and main results of a minor actinide separation using a TODGA solvent; the yellow color highlights the ruthenium concentration in the ra inate and in the organic phase at the end of the process.[ , ] 

Figure

  Figure -Pseudo-octahedral shape of the ruthenium(III) nitrosyl complex

  Scargill et al. identified and quantified six di erent ruthenium nitrosyl nitrate complexes in nitric acid solution. [ ] Each of the six complexes was separated using paper chromatography, and quantified by use of ruthenium-tracers with γ-spectroscopy. The results show that the abundance of each complex strongly depends on the the nitric acid concentration. Figure shows the (a) equilibria between the assumed ruthenium complexes and (b) their quantification as a function of the nitric acid concentration.

Figure

  Figure -(a) Equilibria between stated ruthenium nitrosyl nitrate complexes and their (b) abundance as a function of nitric acid concentration; c(Ru) ≈ -3 . [ ]

Figure

  Figure -(a) 15 N-NMR spectrum of . ruthenium(III) nitrosyl nitrate in . nitric acid, mixed with sodium nitrite and stored for month, and (b) structure of proposed ruthenium complexes, which are predominant in . -. nitric acid solution in presence of sodium nitrite [ ]

Figure

  Figure -Ruthenium nitrosyl nitrite complexes and reactions identified with 15 N-NMR spectroscopy in nitric acid solution at di erent concentrations, according to Kabin et al. [ ]

  Figure-Three types of suggested interactions between TBP and ruthenium nitrosyl complexes in the literature: (from le ) TBP linked in the inner coordination sphere, TBP linked to the water ligands of a ruthenium nitrosyl trinitrate complex via hydrogen bond, or TBP linked to free oxonium ions present in the second coordination sphere of ruthenium nitrosyl complexes.[ , ] 

  and ( ) [Ru(NO) (NO 2 )(NO 3 ) 2 (OH)] 2 . They conclude that these dimeric complexes are at the origin of ruthenium retention in solvent extraction cycles with TBP. Structural suggestions for these complexes are shown in Figure.[ ]

Figure-

  Figure-Structures of dimeric and highly extractable ruthenium nitrosyl complexes, proposed byJoon and Neefjes [ ] 

  Figure shows (a) the identified complexes, kinetics of transformations, and (b) their abundance as a function of the nitric acid concentration.

Figure

  Figure -(a) Transformations and (b) observed frequency of ruthenium nitrosyl complexes on a TBP coated column, which was loaded with nitric acid solutions at di erent concentrations, according to Boswell et al. [ ]

Figure

  Figure -(a) FTIR spectra of ruthenium nitrosyl complexes in TBP . in TPH, extracted from (blue, c org (Ru)= .) and (red, c org (Ru)= .) nitric acid and (b) the assigned predominant complexes[ , , ] 

(

  equation ) and falsely indicate higher nitric acid concentrations. Another interesting vibration is the stretching of the double-bond oxygen in TBP (P=O) at around cm -1 . Former studies have shown that the shi of this band to lower wavenumbers occurs when TBP bonds to a metallic cation, like uranyl (UO 2+ 2 ). [ ] Such a shi has not been observed during ruthenium extraction from and nitric acid, which rather indicates an outer-sphere coordination of TBP in ruthenium nitrosyl complexes. [ , , ] The vibrations have been assigned on basis of literature data and di erent crystallographic structures of ruthenium. Some FTIR spectra of selected ruthenium crystals are shown in Figure A . in the Appendix A . Lefebvre et al. also analyzed the stability of ruthenium nitrosyl complexes TBP extraction phases over time. [ ] By following FTIR spectra of an extraction phase, the authors showed that the speciation of ruthenium does not change over time when the extraction occurs from nitric acid. In contrast, ruthenium nitrosyl complexes with an axial OH ligand extracted from nitric acid transforms into complexes with an axial water ligand within several months. This transformation can be followed with FTIR spectroscopy regarding the shi of the nitrosyl band ν NO in ruthenium complexes, as shown in Figure : [ ]

Figure

  Figure -(a) FTIR spectra over time focused on the nitrosyl band ν(NO) in ruthenium complexes, extracted with TBP . in TPH from nitric acid; (b) Reaction associated to the spectral change, proposed by Lefebvre et al. [ ]

Figure

  Figure -Experimental (points) and calculated (lines) profiles of ruthenium in aqueous and organic phases at the end of the test in the main extraction and FP scrub battery; The red line were added to the graph in order to highlight the ruthenium retention. [ ]

  proved in order to minimize outgassing of nitrous acid during sample preparation. Sodium nitrite powder was weighed in a cut mL Eppendorf poly ethylene microtube, and put on the nitric acid solution of ruthenium(III) nitrosyl nitrate. The cut microtube with the sodium nitrite powder was floating on the ruthenium solution without mixing. Then, the glass vial composed of the nitric acid solution and floating sodium nitrite powder was tightly closed and shaken in order to mix the sodium nitrite powder and the ruthenium solution in a closed atmosphere. The solution was heated to • C in a water bath for min. This synthesis was developed to minimize the loss of nitrites in form of nitrous gases, since the closed vial keeps an equilibrium between nitrous acid, nitrous gases and nitrite ligands. Figure shows a sketch of the sample preparation.

Figure -

 - Figure -Sketch of optimized ruthenium complexation with nitrites in nitric acid solution: glas vial, sealed lit, sodium nitrite powder floating in a cut Eppendorf tube on ruthenium(III) nitrosyl nitrate in nitric acid

Figure - Figure - Figure - Figure -

 ---- Figure -Picture of a ruthenium solution (a) before and (b) a er irradiating with 137 Cs

  Figure-Nitrogen coupling reaction used to quantify nitrites in solution[ , ] 

  with m: mass of converted iodine, M: molar mass of iodine in g/mol, Q: measured charge in A•s, z: number of exchange electrons, F: Faraday constant . C/mol Since water and iodine react in a / relation, the number of iodine produced by chemical oxidation of iodide is equal to the number of water molecules that were added to the Karl-Fischer reagent. To finally estimate the water concentration, it only requires to measure the mass of the analyzed sample. [ ]

Figure -

 - Figure -Vibrational states during (a) elastic scattering of infrared radiation as used in FTIR spectroscopy, and (b) inelastic Stokes scattering as used in Raman spectroscopy

Figure -

 - Figure -Raman spectrum of . ruthenium(III) nitrosyl nitrate in nitric acid solution

Figure -

 - Figure -Geometry optimized structure of an exemplary cis-[Ru(NO)(NO 2 ) 2 (H 2 O) 3 ] + complex used for DFT calculations

γ2

  In these functions, the Gauss-Lorentz relation η was set to . and the full-width half maximum γ was set to cm -1 . Figure faces a DFT-simulated and an experimental Raman spectrum.The DFT calculations were performed by Dominique Guillaumont (CEA/DMRC/SPTC/LILA) and the data analysis was done by Thomas Dirks.

Figure -

 - Figure -Comparison of a DFT calculated (le ) and an experimental (right) Raman spectra recorded for . ruthenium(III) nitrosyl nitrate with . sodium nitrite in nitric acid solution, focusing on the symmetric stretching of nitrite ligands

  Ionisation Mass Spectrometry (ESI-MS) can provide information on the mass of ruthenium complexes and fragments in the gas phase. Former studies have shown the ability of ESI-MS to provide structural information on actinides and other metals in solvent extraction systems. [ , -] A er injection of a sample, droplets are generated with a decreasing size in the ionization chamber. The decreasing droplet size comes from the formation of cations (in positive mode) at the anodic injection syringe. These cations underlie a strong coloumb repulsion. An excess of cations enforces the degradation of the droplets until single cationic complexes di use in the argon flow. These single cationic complexes can di use, a er some intermediate stages, to the mass spectrometer. [ ] The ESI principle is shown in Figure .

Figure -

 - Figure -Sketch of the electrospray ionisation principle in positive mode, showing the progressive degradation of droplets

Figure

  Figure-X-ray absorption at the Ru k-edge

Figure

  Figure -(a) EXAFS function extracted from the X-ray absorption spectrum and the (b) corresponding pseudo-radial distribution function of ruthenium a er Fourier Transformation for an extraction from nitric acid with TBP . in TPH; The peaks represent shells of atoms in the local ruthenium enviroment.

Figure -

 - Figure -Sketch of a simplified NMR setup

Figure

  Figure shows the chemical displacement of 15 N-enriched nitrates and nitrites in nitric acid solution and TBP ( . ) extraction phases. The chemical displacement of nitrites and nitrates ligands matches with former results from Kabin et al. [ , ] The di erent chemical displacement of 15 N allows to distinguish nitrate and nitrites in solution, as ligands in ruthenium complexes, and in form of nitric/ nitrous acid acid. Nitrite ligands themselves, between and ppm, can be distinguished from each other due to a di erent chemical displacement in a di erent ruthenium complex or coordination position. Contradictory, Kabin et al. identified nitrosyl ligand in nitric acid solution at -ppm (relative to K 15 NO 3 in D 2 O), which is in the same region where nitric acid was assigned in the TBP phases. Either Kabin et al. mistakenly assigned nitric acid as nitrosyl ligand, or both have a very similar chemical displacement. This is one question to be answered in this thesis.

Figure

  Figure -15 N-NMR spectra with 15 N-enriched chemicals for signal assignment; All spectra were measured with respect to capillary reference (ref) of sodium nitrate in heavy water.

Figure

  Figure-Selected bands of ligands in ruthenium(III) nitrosyl complexes reported in literature; The band positions are average values[ , , , , ] 

Figure

  Figure -Raman spectra of . ruthenium(III) nitrosyl nitrate in , and nitric acid a er (from top) dissolution, heating for and h heating to • C and supplement month storage at ambient temperature in closed vials

  Figure-Raman spectra of . ruthenium(III) nitrosyl nitrate in to nitric acid; The solutions were heated for h at • C and stored months before the measurement.

Figure

  Figure -(a) Raman spectra and (b) pictures of initial . ruthenium(III) nitrosyl nitrate in nitric acid, a er irradiating with kGy 137 Cs in a temporary closed vial, and a er mixing with . sodium nitrite powder

  Figure-Picture of initial . ruthenium(III) nitrosyl nitrate in nitric acid mixed with sodium nitrite powder in order to obtain a concentration of (from le ) , . , , . and ; The concentrations represent an approximate c ini (NO - 2 )/c(Ru) ratio of (from le ) , , . , and .

[

  RuNO...(OH)] + H 2 O [RuNO...(H 2 O)] + OH - ( ) Hence, the strong acidity decrease in nitric acid may also indicate a protonation of the OH ligand in presence of nitrites. A disappearance of the OH ligand was already reported for ruthenium nitrosyl nitrite complexes in ≥ . nitric acid solution by Kabin et al. [ ] In summary, the stronger acidity decrease in nitric acid solution comes from two cumulative e ects: nitrous acid degradation and OH ligand protonation. Contrary, nitric acid solutions of ruthenium do not contain ruthenium complexes with an axial OH ligand, so the acidity decrease is only due to nitrous acid degradation, shown with equation . In order to further understand these mechanisms, it is useful to measure the nitrite concentrations in solution by use of the Griess method. The detailed analysis of the nitrite concentrations is shown in the Figure A . on page . The results in

  Raman Spectra of Nitrite Ligands in Ruthenium Complexes Symmetric stretching of nitrite ligands, like ν s (NO 2 ) at cm -1 in the experimental Raman spectra, was calculated for (I) mono-,(II) trans-di-, (III) cis-di-, and (IV) mer-tri-nitrite ruthenium complexes. Similar complexes with nitrate instead of nitrite ligands were recently studied by Kato et al. [ ] Herein, the calculations just consider one nitrosyl and di erent numbers and positions of water and nitrite ligands in the ruthenium coordination sphere. A replacement of water by nitrate ligands shows a negligible e ect on the symmetric stretching of nitrite ligands, as shown in Figure A . in the Appendix on page . Figure shows the four DFT optimized geometries of ruthenium complexes with corresponding Raman bands focusing on the symmetric stretching of nitrite ligands ν s (NO 2 ) and a zoom-in on the same nitrite band in the experimental Raman spectra of both and nitric acid solutions. All calculated frequencies and Raman intensities are listed in Table .

  (I) has one single band for symmetric stretching of nitrite ligands ν s (NO 2 ) in the calculated Raman spectrum. Band shape and frequency of the calculated band ( cm -1 ) is similar to the experimental one ( cm -1 ), measured for ruthenium in and nitric acid solution with . sodium nitrite. Similar frequencies were also reported for the mononitrite [RuNO(NH 3 ) 3(NO 2 )(H 2 O)](NO 3 ) 2 crystalby Vorovyev et al. [ ] The similarity between the experimental and calculated Raman spectra evidences a predominant formation of mono-nitrite complexes, if around one equivalent of sodium nitrite ([NaNO 2 ]= . , [Ru]= . ) is added to the solutions. The calculated Raman spectra of trans-(II) and cis-(III) dinitrite complexes di er from each other regarding the nitrite ligands band. The trans complex has a overwhelming intense band at cm -1

Figure

  Figure -15 N-NMR spectrum of nitric acid solution with . ruthenium(III) nitrosyl nitrate and of 15 N-enriched sodium nitrite; The measurements have been performed with a capillary reference (ref) of 15 N-enriched sodium nitrite in heavy water.

  trite in an open and a sealed vial at room temperature. The open vial was repetitively measured with Raman spectroscopy over time and the sealed vial was only measured one time days a er preparation. Comparing the stability in open and closed vials enables to clarify whether the gas phase has an importance for the stability of the nitrite complexes in solution, particularly regarding the outgassing of nitrous acid following equation on page . The recorded Raman spectra are shown in Figure .

  Figure -Raman spectra of the open sample initially (black), over time (green), and of the sealed sample (red) days a er sample preparation; Picture of the open and closed samples a er days are shown next to the spectra. c(Ru)= . , c ini (HNO 3 )=

FTIR

  spectroscopy and ESI-MS. A sketch of the sample preparation is shown in Figure . The recorded (a) FTIR and (b) ESI-MS spectra are shown in Figure for ruthenium extraction A org (blue) and mixed organic phases A org + B org (green). The ESI-MS spectra were compared to complexes simulated with the Bruker Compass Data Analysis program.

  Figure -(a)FTIR and (b) ESI-MS spectra of ruthenium in TBP . in TPH before (blue) and a er mixing with nitrous acid (green); The gray spectra in (b) represent simulated mass spectra of (from le ) [RuNO(NO 2 ) 2 (T BP)] + , [RuNO(NO 2 )(NO 3 )(T BP)] + , [RuNO(NO 3 ) 2 (T BP)] + species.

  of nitrites ligand bands and the disappearance of nitrate ligand bands, indicate a substitution of nitrate ligands by nitrite. This substitution was similarly observed in nitric acid solution with Raman spectroscopy in chapter . . The ESI-MS spectra (b) also show di erent ruthenium complexes in the TBP extraction phase A org and in the mixed TBP phases A org + B org . In the ruthenium extraction phase A org (blue), one main complex is detected at m/z= which is consistent with the spectral simulation of [Ru(NO)(NO 3 ) 2 (TBP)] + .This complex is a result of the ionizing process in which the original complex lost one anionic ligand to form a detectable cationic complexes. The lost ligand is likely a nitrate, since Lefebvre et al. [ , ] and Fletcher et al. [ ] identified a mer-[Ru(NO)(NO 3 ) 3 (H 2 O) 2 ] complex with TBP in the outer sphere under such extraction conditions.

Figure-Figure -

 - Figure-Distribution ratios of ruthenium extractions with TBP . in TPH from di erent initial nitric acid concentrations in aqueous solutions with either (gray), (orange), (blue) or (green) equivalents of sodium nitrite per ruthenium

  TBP molecules and therefore competes the ruthenium extraction: [ ] T BP + HNO 3 T BP • HNO 3 ( ) These two competitive e ects always appear together. [ ] The aqueous nitric acid concentration can be in favor of the formation of T BP • HNO 3 adducts, or extractable ruthenium complexes. [ ] Regarding the curve shape of the ruthenium distribution ratio, the extraction of ruthenium dominates until of nitric acid. Beyond this concentration, adducts of TBP and nitric acid overwhelm and the ruthenium distribution ratio decreases. [ , ]

  Ru-NO 2 Complexes ESI-MS speciation The organic phases were analyzed with ESI-MS a er ruthenium extractions from to nitric acid solutions with three equivalents of nitrites. The samples correspond to the first four red points on the green curve in Figure . The presented signals were compared to complexes simulated with the Bruker Compass Data Analysis program, as shown in Figure .

  Figure -(a) ESI-MS spectra of organic phases a er ruthenium extraction with TBP . in TPH from , , and nitric acid with three equivalents of sodium nitrite per ruthenium, (b) Structure of identified complex without specifying the TBP coordination

  Figure-(a) ESI-MS spectra of organic phases a er ruthenium extractions and scrubs using TBP . in TPH, MOEHA . in TPH and TODGA .in TPH (+ % vol n-octanol)ruthenium extractions with TBP .in TPH from nitric acid with (gray), one (orange) and two (blue) equivalents of sodium nitrite, (b) Structure of identified complexes without specifying the TBP coordination; ACN: acetonitrile

  Figure . A spectrum of the acid pre-equilibrated TBP solvent was subtracted from the spectra. All spectra are shown vertically shi ed to better identify each band, and overlaid to better compare the bands at di erent nitrite-ruthenium ratios. The original spectra are shown in Figure A . on page . Identified bands are listed in Table.Extractions from higher nitric acid concentrations were not characterized by FTIR, since the low distribution ratios do not allow to identify the bands of ruthenium complexes.

(

  gray). This broad shape corresponds to numerous complexes with an axial OH ligand, as reported formerly.[ , , ] Extraction from solutions with one nitrite equivalent (orange) show that the wide band transforms into a sharper band which moves to wavenumbers above cm -1 . Such a nitrosyl shi corresponds to a protonation of the axial OH ligand in ruthenium complexes, which is consistent with the ESI-MS results in Figure and the Raman studies of nitric acid solutions in Chapter . . In contrast to the Raman studies, the nitrosyl band shi s back to lower wavenumbers for extractions from solutions with more than one nitrite equivalent. Extractions from solutions with three nitrite equivalent even show a second nitrosyl band at ≈ cm -1 . This nitrosyl down-shi is not due to the formation of axial OH ligands in ruthenium complexes, since complexes with an axial OH ligand were not identified with ESI-MS and Raman spectroscopy at those nitrite concentrations.Instead of an OH ligand, an axial coordination of TBP across from the nitrosyl ligand can cause a similar nitrosyl down-shi , as shown for TBP derivates in ruthenium crystals. [ ] Similar to the nitrosyl band, the P=O band of TBP ν(P=O) at cm -1 shi s down to ν (P=O) at cm -1 a er ruthenium extraction from solutions with three nitrite equivalents. Such a shi was reported as an inner-sphere coordination of TBP in ruthenium complexes.[ , ] This hypothesis would explain the notably high distribution ratios, which were observed for this extraction experiment, as shown Figureonpage . However, it looks like an inner sphere coordination requires high nitrous acid concentrations, which is not always the case in industrial PUREX processes.Overall, FTIR spectroscopy only provides average information on nitrite and nitrate ligands in ruthenium complexes. Multiple coexisting complexes are hard to identify individually and simultaneously.It requires another analytical method that enables to visualize small di erences between nitrate and nitrite ligands, like 15 N-NMR spectroscopy.. . . Analysis of theRu-NO 2 Complex Stability in the Organic Phase 15 N-NMR spectra of organic phases with ruthenium are supposed to be better exploitable than aqueous phases, as indicated in Figure and on page and . The presence of fewer and neutral ruthenium complexes in the organic phase simplifies the peak identification and therefore the analysis of the spectrum. Herein, 15 N-NMR of TBP . in TPH organic phases a er extraction from nitric acid with three nitrite equivalents were repetitively recorded over time. The extraction was performed with the same procedure as described in chapter . . on page , but from a solution with 15 N-enriched sodium nitrite. The preparation of the initial nitrite solution was reported in chapter . . on page for NMR samples. Similar to the previous analysis with ESI-MS and FTIR spectroscopy, the goal of this experiment is to better describe ruthenium nitrite complexes which cause notably high distribution ratio for extraction from nitric acid, but also to study the stability of ruthenium nitrite complexes in the organic phase. Before the analysis of the NMR spectrum, the main findings from organic phase speciation with ESI-MS and FTIR have to be summarized regarding the TBP . in TPH extraction from nitric acid with three nitrite equivalents per ruthenium, as shown in Figure and . The FTIR spectrum indicates an axial inner sphere coordination of TBP in ruthenium nitrite complexes. The ESI-MS spectrum shows the mass of a [Ru(NO)(NO 2 ) 2 (TBP)] + complex. The charge of this complex comes from the ionization chamber, where a neutral complex is split into a detectable cationic complex and a detached anionic ligand. The detached anionic ligand cannot be a hydroxide, because results from Raman and FTIR spectroscopy do not show ruthenium complexes with an axial OH ligand in such extraction conditions. Therefore, only a nitrate or a nitrite ligand could have been removed as anionic ligand from the neutral ruthenium complex in the ESI-MS ionization chamber. By adding either one nitrate or one nitrite to the ESI-MS detected [Ru(NO)(NO 2 ) 2 (TBP)] + complex, the original complex prior to ionization could be [Ru(NO)(NO 2 ) 3 (H 2 O)(TBP)] 0 and/or [Ru(NO) (NO 2 ) 2 (NO 3 )(H 2 O)(TBP)] 0 . To precisely define the structure of the two proposed complexes, two former insights have to be considered: • Nitrate and nitrites only occupy the equatorial coordination sphere of ruthenium(III) nitrosyl complexes. [ , ]

Figure

  Figure -Proposed ruthenium species in TBP . in TPH a er extraction from nitric acid with three nitrite equivalents per ruthenium, including numbers for di erent signals of nitrite and nitrite ligands expected in 15 N-NMR spectroscopy

Figure

  Figure-15 N-NMR spectra of TBP . in TPH a er extraction from nitric acid with . ruthenium and three nitrite equivalents ( 15 N-enriched) per ruthenium

Figure -

 - Figure -Reaction scheme for the exchange of 15 N between nitrates and nitrous acid

Figure

  Figure -(a) Ruthenium species extracted by TBP solvents from (le ) and (right) nitric acid, according to Lefebvre et al. [ ] (b) Interactions of TBP with trinirate and tetranitrato complexes of ruthenium proposed by Fletcher et al. [ ]

Figure

  Figure -Structure of extractants selected for ruthenium extraction (from le ): tributyl phosphate (TBP), N-octyl ethylhexanamide (MOEHA), tetrabutyl urea (TBU), N-methyl and N, N, N' , N' tetraoctyl diglycolamide (TODGA)

Figure

  Figure -FTIR spectra of organic phases a er ruthenium extractions from nitric acid using di erent solvents; The FTIR of pre-equilibrated organic phase was subtracted from the extraction spectra. All spectra were normalized with respect to the measured ruthenium concentration

Figure

  Figure -(a) X-ray absorption spectra at the Ru K-edge, (b) the subtracted EXAFS spectra, normalized and k 3 -weighed, and the corresponding (c) Fourier Transformation for organic phases of extractions from nitric with . ruthenium(III) nitrosyl nitrate using (from top) TBP . , MOEHA . , TBU . and TODGA . (+ % vol n-octanol) in TPH

  phase ratios as previous extractions analyzed byFTIR and EXAFS spectroscopy in Figure and Figure . 15 N-NMR spectra of TBP . , MOEHA . , TBU . and TODGA . (+ % vol n-octanol) in TPH organic phases a er ruthenium extractions with from nitric acid ( 15 N-enriched) with ruthenium(III) nitrosyl nitrate are shown in Figure . All peaks were integrated and listed in Table .

  Figure-15 N-NMR of TBP . , MOEHA . , TBU . and TODGA .(+ % vol n-octanol) in TPH organic phases a er extractions from 15 N-enriched nitric acid with ruthenium(III) nitrosyl nitrate; All spectra were measured with a capillary reference of 15 N-enriched sodium nitrate in heavy water

  observation in Figure , showing stronger intensities for nitrate ligands in TBU solvents, and former studies showing a preference of TBU for anionic plutonium complexes. [ ] Contrary to MOEHA, the signal of tetranitrato complexes in TBU splits into two signal. Such a split might be due to the TBU coordination in the second ligand sphere via hydrogen bridge without further proof. Meanwhile, the signals and do not show a / relation which indicates an instability of mer-trinitrate complexes in TBU solvents. Instead of that, the signals at -. ppm, at -. ppm and at -. ppm appear in a / . / . relation, respectively. This integral relation may indicate a mixture of monoand bidentante nitrates, or a mixture of mer-and fac-trinitrate complexes, as shown in Figure .

Figure -

 - Figure -Proposed ruthenium complexes and their abundance according to the 15 N-NMR spectra in Figure ; The complexes abundances are related to ruthenium extractions from nitric acid with TBP . , MOEHA . , TBU . and TODGA . (+ % vol n-octanol) diluted in TPH.

Figure -

 - Figure -Distribution ratio of ruthenium extraction with TBP . (blue), MOEHA . (brown), TBU . (green) and TODGA . (+ % vol n-octanol) (purple) in TPH as a function of the concentration of nitric acid in the (a) aqueous and (b) organic phase, and (c) water in the organic phase

  specifying the number of extractants per complex

%

  vol n-octanol) were pre-equilibrated with nitric acid: V org / V aq = / , t= min at T= • C. The preequilibrated solvents were contacted with a solution of . ruthenium(III) nitrosyl nitrate in nitric acid : V org / V aq = , t= min at T= • C. A er phase separation, an aliquot of the organic phase was contacted with an equal volume of fresh (or for ESI-MS experiments) nitric acid: t= min at T= • C. The phases were separated and a part of the organic phases was contacted with an equal volume of fresh nitric acid: t= min at T= • C. The acidities were chosen to be close to the PUREX process conditions in extraction and scrub cycles. Each organic and aqueous phase was quantified with ICP-AES for determination of the ruthenium distribution ratio. The organic phase of each extraction and scrub step was analyzed using ESI-MS or 15 N-NMR. For 15 N-NMR analysis, extractions were performed with 15 N-enriched nitric acid. Consecutive extraction and scrubs are illustrated in Figure .

  Figure-Sketch of a ruthenium batch extraction and consecutive scrubs to represent solvent extraction and purification cycles

  Figure shows the measured distribution ratios for extractions and consecutive scrubs with TBP, MOEHA, TBU and TODGA solvents. Absolute and relative retention factors are listed in Table .

Figure-

  Figure-Distribution ratios of ruthenium in (a) TBP . , (b) MOEHA . , (c) TBU . and (d) TODGA ( . + % vol n-octanol) in TPH a er extractions from A nitric acid and consecutive scrubs with B and C nitric acid; The measured values are shown in face of the isothermic extraction curves. The values are listed in Table A . on page .

  page . [ ] Such complexes can be formed by fragmentation of the [RuNO (NO 3 ) 2 (TBP)] + complex at m/z= with the ESI-MS equipment, as shown in Figure A . on page . However, there is no formation of Ru-DBP species a er extraction or scrubs, as shown with an extended ESI-MS spectrum in Figure A . on page . So the ruthenium retention during scrubs with or nitric acid is not due to DBP in TBP solvents. It must have another origin. The extraction from nitric acid mainly shows a [RuNO(NO 3 )(OH)(ACN) (TBP)] + complex with an axial OH group, whereas the scrub with nitric acid shows a [RuNO (NO 3 ) 2 (TBP)] + complex without OH group. So di erent ruthenium complexes exist during extraction and scrub using nitric acid. This di erence might have kinetics e ects. Slow ligand exchanges in the ruthenium coordination sphere were already observed by Lefebvre et al. for ruthenium extraction with TBP . in TPH from nitric acid, but also by other authors at di erent experimental conditions. [ , , ] A slow transformation of the axial OH into the axial water ligand in ruthenium complexes may cause the retention at the first look. However, a second analysis shows that complexes with an axial OH ligand are formed during scrubs with nitric acid in the MOEHA and the TODGA solvent; and the scrubs of both solvents with nitric acid also show a ruthenium retention. So it seems to be improbable that the slow formation of complexes with an axial OH group causes the ruthenium retention during scrubs with nitric acid. In the MOEHA solvent (b), no complex can be identified a er ruthenium extraction from and nitric acid. In similar extraction from nitric acid, anionic tetranitrato complexes were identified by use of 15 N-NMR and FTIR in chapter . . MOEHA interacts with these tetranitrato complexes via hydrogen bonds in the outer ligands sphere. Such anionic complexes are obviously not transformed to detectable cationic complexes in the ionization chamber of ESI-MS. In contrast, the scrub phase mainly shows the complex with an axial water ligand [RuNO(NO 3 ) 2 (MOEHA)] + and trace of the complex with an axial OH ligand RuNO(NO 3 )(ACN)(OH)(MOEHA)] + complex. So in the case of MOEHA, the scrub with nitric acid transforms the anionic tetranitrato ruthenium complex into trinitrate and hydrolyzed complexes with a neutral charge, which can be ionized and detected by ESI-MS. Perhaps, the transformation into complexes with an axial OH ligand involves an intermediate or alternative reaction, which might raise the ruthenium distribution ratio during scrubs with nitric acid. Such e ects might be visible in TODGA solvents which show a notably high ruthenium retention during scrubs with nitric acid, as reported in Table .

  In the TODGA solvent (c), no complexes can be clearly detected a er extraction from nitric acid. Extraction from nitric acid only allows presuming the presence of complexes with an axial OH ligand [RuNO(NO 3 )(OH)(ACN) (TODGA] + and complexes with an axial water ligand: [RuNO(NO 3 ) 2 (TODGA)] + and [RuNO(NO 3 ) 2 (TODGA) 2 ] + . Contrary, the organic phase a er scrub with nitric acid contains these three complexes. The complex with an axial OH ligand at m/z= even appears in a notable concentration. Complexes with an axial OH ligand a er scrub indicate a reactivity of ruthenium complexes at decreasing nitric acid concentration. Such a reactivity of ruthenium was not observed for TBP solvents, showing a fundamental di erence of TODGA solvent extraction systems. Furthermore, the detection of ruthenium complexes with two TODGA ligands is consistent with the extraordinary high retention, which was shown in Figure on page .

Figure -

 - Figure -Reaction scheme for the ruthenium retention during low acidity scrub in solvent extraction processes with an undefined extractant L

  page .

Figure -

 - Figure -Reaction scheme for the ruthenium retention during low acidity scrub in solvent extraction processes with an undefined extractant L

.

  . . 15 N-NMR Analysis of Ruthenium Extraction and Scrubs using TBP . in TPHThe interest of 15 N-NMR for ruthenium speciation in TBP has been discussed in Chapter . and the Appendix A . . Trinitrate complexes, tetranitrato complexes and ones with an axial OH ligand were distinguished in TBP solvents a er extraction from -nitric acid. Since the transformation of an axial water into an OH ligand in ruthenium complexes was linked to the ruthenium retention, as shown in former sections, 15 N-NMR may help to better identify ruthenium complexes that retain in the organic phase. Moreover, the low fraction of extracted tetranitrato complexes in TBP solvents may explain the e ective scrubs with nitric acid .Herein, 15 N-NMR spectroscopy is used to visualize transformations of ruthenium complexes during extraction from nitric acid followed by scrubs with and nitric acid. Unlike former experiments, the TBP extraction was either washed with or with nitric acid, and not in a subsequent cascade.This modification and the use of enlarged ruthenium and TBP concentrations are done to guarantee su icient ruthenium concentrations in the organic phase for the 15 N-NMR experiment. Since the distribution ratio of ruthenium ranges from ≈ . to . for scrubs with and nitric acid, respectively, scrub time and temperature were optimized to obtain approximately the same ruthenium concentration in aqueous and organic phase of the scrubs. This optimization was empirically realized by performing a nitric acid scrub for min at • C and a nitric acid scrub for min at • C. measured for TBP . in TPH, hour contact at • C.Sample preparation A ruthenium(III) nitrosyl solution was prepared in nitric acid (with % 15 N). The solution was heated for h in a water bath at • C and then cooled down to room temperature. TBP . in TPH was pre-equilibrated with nitric acid: V org = V aq , T= • C, t= min. The pre-equilibrated TBP solvent was contacted with the 15 N-enriched nitric acid solution of ruthenium: V org = V aq , T= • C, t= min. A erwards, the extraction sample was centrifuged and the two phases were separated. The organic phase was first analyzed with 15 N-NMR spectroscopy, and then separated into two equal volumes. One volume was scrubbed with fresh nitric acid for min at • C, and the other volume was scrubbed with fresh nitric acid for min at • C. Both phases of each scrub were analyzed with 15 N-NMR spectroscopy. The spectra are shown in Figure , focusing on the nitrate ligands of ruthenium complexes. The entire spectra are shown in the Appendix A . on page . All identified signals are listed with the corresponding ruthenium complexes in Table .

Figure

  Figure -15 N-NMR spectra of TBP .in TPH a er extraction (brown) from [RuNO(NO 3 ) 3 ] in nitric acid, and organic (orange) and aqueous (blue) phases a er consecutive scrubs with either with (le ) or (right) fresh nitric acid; All samples contained 15 N-enriched nitric acid.

Figure -

 - Figure -Suggestion of di erent outer sphere interactions between TBP and tetranitrato complexes of ruthenium

  relative to signal defined as In this context, TBP strongly di ers from MOEHA and TBU solvents, which extract the tetranitrato complexes predominantly, as shown in Figure on page .

  due to the strong trans e ect of the nitrosyl group which hinders the coordination of nitrate in axial position. [ ] However, high nitric acid concentrations may force the axial nitrate coordination, such as it was observed for TBU extraction in chapter . . Overall, the scrub with nitric acid shows a transformation of trinitrate complex within only min contact time. The fast transformation explains the e iciency of ruthenium scrubs with nitric acid.In the aqueous phases of the scrubs, numerous signals appear in the spectra for nitrate ligand in ruthenium complexes. The polarity of the nitric acid solution destabilizes neutral ruthenium complexes and supports the formation of complexes with a positive and/or negative charge. Numerous complexes with a di erent charge complicates the identification of ruthenium complexes. A er the scrub with nitric acid, three signals appear for nitrate ligands in the aqueous phases. Contrary, at least five signals appear for nitrate ligands a er the scrub with nitric acid in the aqueous phase.

  Figure -Assignement of the NMR signals in Figure to ruthenium complexes in the aqueous phases of the scrubs with and nitric acid

Figure-

  Figure-Distribution ratio of ruthenium B scrubs with nitric acid a er A extraction with TBP . in TPH from nitric acid with either zero (gray), one(orange), two (blue) or three (green) nitirte equivalents per ruthenium complex in the initial aqueous phase

  Ruthenium complexes were extracted from nitric acid and then scrubbed with nitric acid, as described with Figure on page . The initial nitric acid solution contained either zero (gray) or three (green) equivalents of sodium nitrite per ruthenium. TBP . in TPH organic phases a er ruthenium extractions from similar solutions were already analyzed in chapter . on page , showing mertrinitrate complexes in absence of enlarged nitrite concentrations (gray) and cis-dinitrite mononitrate (and mer-trinitrite) complexes in presence of three nitrite equivalents per ruthenium in the initial aqueouse solution (green). Extraction of ruthenium from both nitric acid solutions, containing or sodium nitrite, with the TBP solvent were quantified with ICP-AES a er , , and min of contact at • C. For each ICP-AES quantification, µL of aqueous and organic phase was removed from the extraction, and diluted as explained in the chapter . . on page . A er min of extraction, the organic phases were divided into two equal volumes. Both volumes were contacted with nitric acid at either or • C. Organic and aqueous phases of the scrubs were quantified with ICP-AES a er and min contact time. Figure shows the distribution ratio of ruthenium (a) extractions and (b) scrubs as a function of time at • C and • C.

Figure-

  Figure -Kinetics of ruthenium nitrite (green) and nitrate (gray) complexes in TBP . in TPH (a) extractions from nitric acid and (b) scrubs with nitric acid; The horizontal dashed lines in (b) indicates the equilibrium value measured for ruthenium extractions from nitric acid.

  Figure-Reaction scheme to link the axial OH ligand formation and the observed ruthenium retention during scrubs with nitric acid

•

  The findings of this chapter were partly published in a scientific article: Dirks et al., Raman and DFT analysis to study the influence of nitrous acid on ruthenium(III) nitrosyl nitrate complexes in nitric acid solution, Journal of Radioanalytical and Nuclear Chemistry. (accepted in September ) E ect of Nitrous Acid on Ruthenium in TBP Extraction Systems • Nitrous acid is strongly extracted by TBP from nitric acid solutions (D HNO 2 can reach the value

Figure -

 - Figure -Axial coordination of TBP in a mer-trinitrite ruthenium complex

Figure -

 - Figure -Structure of the main ruthenium species identified in the solvents

  These findings provide important information to improve current solvent extraction processes with TBP and to prepare future solvents extraction processes with alkylated monoamides. In terms of ruthenium decontamination, alkylated monoamides, like MOEHA, are very attractive for future solvent extraction processes by reason of a low ruthenium extraction from < nitric acid and a low ruthenium retention during scrubs with nitric acid. Contrary, processes based on the TODGA extractant would face a strong ruthenium extraction from to nitric acid, and a high ruthenium retention during scrubs with and nitric acid. In terms of ruthenium decontamination, the high ruthenium extraction and retention make it hard to establish TODGA for industrial solvent extraction processes.

•

  15 N-NMR analysis of ruthenium extractions and scrubs with MOEHA, TBU and TODGA → A similar experiment with TBP has shown the extraction of a mer-trinitrate complex, which resists during the scrub with nitric acid but decomposes during a scrub with nitric acid. Di erent transformation may occur in other solvents, which justify the di erent retention values observed with MOEHA, TBU and TODGA solvents. With the conclusion and the perspective in mind, this thesis provides many insights to better understand, control and further improve the decontamination of ruthenium in solvent extraction processes with TBP, as well as in di erent extraction systems based on MOEHA, TBU and TODGA extractants. Innovative process designs must be aware of the nitrous acid concentration, which a ects the ruthenium extraction and the scrub behavior. An e icient removal of ruthenium in early scrub stages can be realized by increasing the contact temperature, or by adding nitrous acid to the solution prior to the scrub. The low ruthenium extraction and retention in the MOEHA solvent forecasts significant improvements for future nuclear recycling processes. However, all these findings also bring many new scientific and technical question that open a wide perspective for future research and innovations.

  Figure A . -Raman spectra of . ruthenium(III) nitrosyl nitrate in nitric acid solutions initially (black), a er irradiating with kGy 137 Cs in a temporary closed vial (red) and a er mixing with . sodium nitrte powder (green)

Figure A .

 A Figure A . -Structure of DFT geometry optimized (a) [Ru(NO)(NO 2 )(NO 3 ) 3 (H 2 O) ax ] -1 , (b) trans-[Ru(NO)(NO 2 ) 2 (NO 3 ) 2 (H 2 O) ax ] -1 , (c) cis-[Ru(NO)(NO 2 ) 2 (NO 3 ) 2 (H 2 O) ax ] -1 , (d) mer-[Ru(NO)(NO 2 ) 3 (NO 3 ) 1 (H 2 O) ax ] -1, and the corresponding Raman bands for symmetric stretching of nitrite ligands: The dashed red line represents the sum of the single bands.

  Figure A . -DFT geometry optimized mer-[RuNO(NO 2 )(NO 3 ) 3 (H 2 O)] -(a) structure and (b) calculated Raman bands of asymmetric nitrate ligands stretching; The calculations were performed by Dominique Guillaumont.

Figure A .

 A Figure A . -Raw FTIR spectra of TBP . in TPH a er ruthenium extraction from nitric acid with zero (gray), one (orange), two (blue), three (green) equivalents of nitrites per ruthenium

  Figure A . -(a) Sketch of experimental procedure and (b) measured ruthenium distribution ratios as a functions of the volume ratio of solution A and B in the initial aqueous phase for extraction

Figure A .Figure A .

 AA Figure A . -Raw FTIR spectra of (from top) TBP, MOEHA, TBU and TODGA solvents (a) a er preequilibration with nitric acid and (b) successive extraction from . ruthenium(III) nitrosyl nitrate in nitric acid; The spectra were shi ed vertically.

A

  . . .Ruthenium Transformations in TBP Organic Phases Over Time By use of FTIR spectroscopy, Lefebvre et al. analyzed transformation of ruthenium complexes in TBP solvents over time. The results show that complexes with an axial OH ligand, which were extracted from m nitric acid, transform into complexes with an axial water ligand within several weeks and months, as it was shown with Figure on page . In order to get more information on this transformation, a similar extraction was performed with 15 N-enriched nitric acid and analyzed by 15 N-NMR spectropscopy over time.Sample PreparationTBP .in TPH was pre-equilibrated with nitric acid ( % 15 N): V org / V aq = , t= min, T= • C.The pre-equilibrated solvent was contacted with a solution of ruthenium(III) nitrosyl nitrate in nitric acid ( % 15 N) for min at • C. Then, organic was separated and analyzed by 15 N-NMR a er , and days.

  Figure A . -15 N-NMR spectra of TBP . in TPH a er ruthenium extraction from nitric acid a er (from top) , and days

  Figure A . -15 N-NMR spectra of TBP .in TPH a er ruthenium extraction from (from top) , , and nitric acid; The spectra were normalized with respect to the intensity of sodium nitrate in heavy water at ppm.

  centrations in the organic phase, showing a shorter O-C -O bond length when TODGA forms adducts with nitric acid. The bands of carboxylic groups indicate a modification of molecules in the organic phase. The two hypothesis to explain this behavior are the following ones: Either TODGA molecules degrade under the formation of carboxylic groups, or n-octanol is oxidized into carboxylic acid. In order to identify the origin of carboxyl formation, the following samples were prepared and analyzed by FTIR spectroscopy over time: (a) TODGA . in TPH + % n-octanol was only pre-equilibrated with nitric acid: V org /V aq = / , t= min and T= • C. (b) TODGA . in TPH + % n-octanol was similarly pre-equilibrated and used for ruthenium extraction from . ruthenium(III) nitrosyl nitrate in nitric acid: V org /V aq = , t= min and T= • C. (c) TODGA . in TPH + % n-octanol was similarly pre-equilibrated and used for ruthenium extraction from . ruthenium(III) nitrosyl nitrate in nitric acid: V org /V aq = , t= min and T= • C.. A er the contacts, organic and aqueous phases were separated, stored in closed mL Eppendorf tubes and frequently measured by FTIR spectroscopy. Figure A . shows FTIR spectra of the three samples a er , and days.

  Figure A . -FTIR spectra of (a) TODGA .in TPH + % vol n-octanol a er pre-equilibration with nitric acid, (b) TODGA .in TPH + % vol n-octanol a er ruthenium extraction with nitric acid, and (c) TODGA . in TPH + % vol n-octanol a er ruthenium extraction with nitric acid a er (gray), (black) and (red) days; The yellow part highlights the C=O vibrations of a carboxylic group.

ν

  a (NO 2 ) at cm -1 . Such modification may represent a hydrolysis of ruthenium complexes, a reduction of ruthenium(III) to ruthenium(II), or a coordination of the carboxylic group somehow in the inner ruthenium coordination sphere. None of these reactions can be proven in this context. Nevertheless, the oxidation of n-octanol into carboxylic groups might be related to the challenging ruthenium decontamination in TODGA solvent extraction cycles, as observed for ruthenium scrubs in chapter . , or in former TODGA extraction cycles. [ ]A . . Speciation and Quantification of Ruthenium Scrubs

  Figure A . -FTIR spectra of TODGA .in TPH + % vol n-octanol a er ruthenium extraction from nitric acid (purple) and consecutive scrubs with (gray) and (black) nitric acid; The yellow background highlights the vibrations of the carbonyl band of the TODGA extractant.

  Figure A . -Extended 15 N-NMR spectra of TBP .in TPH organic phases a er ruthenium extraction and scrubs, according to chapter . .
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  . It requires social acceptance, short construction times, a revival of skills and it calls for specific improvements in the nuclear fuel cycle, such as a multi-recycling of spent nuclear fuel. Today, spent uranium oxide (UOX) fuel is recycled once in the Plutonium, Uranium Reduction EXtraction (PUREX) process in France. [ ] The process separates fission products and minor actinides for waste disposal from re-

	usable uranium and plutonium. Fuels made of recycled plutonium, called Mixed Oxide (MOX) fuels,
	are not recycled again. [ ] A multi-recycling of MOX fuels would require adapted fuel loading concepts
	for current reactor generations, and a modified fuel recycling process. The current PUREX process is
	not perfectly designed to recycle spent MOX fuels. High concentrations of plutonium complicate fuel
	dissolution and solvent extraction stages, and high concentrations of certain fission products, such as
	ruthenium, can disturb the separation process. [ ]	
	In September	, several European countries detected ruthenium-	in abnormal high atmo-

spheric concentrations. Although ruthenium-is a common nuclear fission product, its release could not come from a nuclear reactor damage, since no other fission products have been detected in unusual concentrations. Detailed analysis by the French Institut de Radioprotection et de Sûreté Nucléaire located the point of release in the southern Ural region, where also nuclear fuel reprocessing is taking place. [ ] Recent investigations by Cooke et al. confirmed the origin of ruthenium-in nuclear fuel reprocessing activities. [ ] The fission product ruthenium is known for its partly volatile behavior in nuclear fuel reprocessing. Volatile ruthenium tetroxide can spread in the dissolver systems. [ , ] Ruthenium nitrosyl compounds can contaminate uranium and plutonium extraction products in solvent extraction cycles. A secure confinement of volatile ruthenium tetroxide and ruthenium nitrosyl compounds requires robust recycling processes. Research can help to better understand and control the behavior of ruthenium, which makes solvent extraction processes safer while minimizing the risk of an accidental release of ruthenium-.

Table -

 - Stable and the most durable radioactive isotopes of ruthenium [ ]

	Isotope	96 Ru	97 Ru										107 Ru
	Natural abundance /%	.	-	.	.	.	.	.	-	.	-	-	-
	Half-live	-	d	-	-	-	-	-	d	-	. d	d	min

98 Ru 99 Ru 100 Ru 101 Ru 102 Ru 103 Ru 104 Ru 105 Ru 106 Ru

. In Nitric Acid Solution

  

	Since Ru 3+ ions are unstable and Ru(IV) species are not extracted by TBP in current solvent extrac-
	tion processes, research has focused on ruthenium(III) nitrosyl complexes. [ ] Beginning in the	s,
	Current knowledge on the structure of ruthenium complexes is mostly based on TBP/ nitric acid Fletcher et al. already stated the importance of nitrosyl ligands for ruthenium complexes in nitric acid
	solvent extraction systems, which is summarized in this section. Ruthenium belongs to the group solution. [ ] Ruthenium nitrosyl complexes can be formed when di erent compounds of ruthenium,
	eight of transition elements. The group eight is also called iron group, since it is composed of iron such as alloys or ruthenium(VIII) oxides, are dissolved in nitric acid solution. [ ] Ruthenium(III) nitro-
	(Fe), ruthenium (Ru), osmium (Os) and the exclusively radioactive element hassium (Hs). [ ] All these syl complexes have a pseudo-octahedral shape. The octahedral shape is due to overall six ligands in
	elements show similar patterns in their electron configuration, which results in trends of the chemical the inner coordination sphere, and the pseudo-structure comes from the shorter Ru-NO bond in com-
	behavior. In the metallic form, ruthenium has a [Kr] d 7 s 1 electron configuration. Metallic ruthenium parison to the other five bonds. [ ] According to Alozy et al., the coordination of the nitrosyl ligand
	is quite resistant towards oxdizing chemicals, for this reason it also belongs to the platinum group. [ ] to ruthenium(III) includes an electron exchange, in which the nitrosyl ligand reduces ruthenium(III),
	The characteristics of a platinum group element appear during the dissolution of the fuel, where a part causing a [Ru(II)NO] 3+ pseudo-octahedral complex. [ ] The hypothesis of an electron exchange was
	of ruthenium remains in a solid, polydisperse state, as introduced with Figure . However, a large part supported by the short Ru-NO bond length which is close to the one of a Ru=NO double bond, and the
	of ruthenium from spent nuclear fuel can be dissolved. In order to investigate dissolved ruthenium collinearity between ruthenium, nitrogen and oxygen in the Ru -N -O bonds (∠ RuNO = • ). [ -
	complexes, most studies were performed with pure nitric acid solution of ruthenium(III) nitrosyl ni-] However, further ligands in the ruthenium coordination sphere may also undergo π-interaction,
	trate salts. The absence of other fission products simplifies ruthenium speciation, because of the ab-such as nitrite ligands. Multiple π-interactions cause a delocalization of the charge in the ruthenium
	sence of overlying signals like in NMR, FTIR or Raman spectra. This simplification is su icient to study complexes, which limits the validity of a charge generalization, such as proposed by Alozy et al. For
	the fundamentals of ruthenium in solvent extraction stages of the PUREX process, in a first approach. this reason, this thesis uses the term ruthenium(III) nitrosyl complexes, or just ruthenium complex.
	Advanced speciation should check the interference with other fission products and impurities in spent The general shape of such a complexes is shown in Figure .
	nuclear fuel.		
	Former research has identified a vast number of ruthenium(III) and (IV) complexes in nitric acid
	solution. Whereas ruthenium(IV) complexes predominantly appear in form of Ru 4 (OH) 4+ 12 , stable ruthe-
	nium (III) complexes always have one nitrosyl ligand. [ ] Maya et al. identified a ruthenium (III)/ (IV)
	complex conversion, which is composed of two reaction steps. [ ] First, ultraviolet radiation around
	nm dissociates the nitrosyl ligands from the ruthenium(III) complexes. Second, nitrosyl-free ruthenium
	(III) complexes are oxidized by nitric acid into ruthenium(IV):	
	[RuNO] 3+ hν --→ 4Ru 3+ + 4H + + NO -3 -→ [RuNO] 3+ + 3Ru(IV ) + 2H 2 O Ru 3+ + NO(g)	( )
	Reactions between ruthenium(IV) and nitrous gases can reform ruthenium(III) nitrosyl complexes,
	showing that ruthenium complexes can continuously undergo dynamic transformations in nitric acid
	solution. [ ] These transformations are important for dissolution processes with a NO x reflux system
	and represent one reason for the complexity of ruthenium in nitric acid solution. Figure illustrates
	the transformation of ruthenium in dissolved nitric acid solution.	
	oxidation by HNO 3	Photolytic NO dissociation
	Ru(IV)	Ru(III)	[RuNO] 3+
	reduction by NO x	NO recombination	
	Figure -Ruthenium states and transformations in nitric acid solution [ ]

. .

  Siczek et al. Recent studies by Lefebvre et al. have shown that the equatorial

	] The results from Lefebvre et al. show that there is always a fraction of ruthenium complexes with
	an axial OH ligand in nitric acid below	, being larger in	than in	nitric acid. [ ] The formation
	of such complexes could be represented by the following equilibrium:	
	coordination sphere is mainly composed of nitrate and water ligands, whereas the axial position-in
	face of the nitrosyl ligand-is either occupied by a hydroxide or a water ligand. [ , ] Ruthenium
	complexes with one axial OH ligand have also been called hydrolyzed complexes. The hydrolysis of
	ruthenium has been shown by Jenkins and Wain in	, and confirmed by Lefebvre et al. recently. [ ,

  The study from Scargill et al. is useful but incomplete for di erent reasons. Firstly, the study did not With respect to potassium 15 N-nitrate in water, the authors identified the displacement of 15 N-nitrate, nitrite and nitrosyl ligands of ruthenium complexes in nitric acid solution. The NMR results show a pre-dominance of ruthenium nitrosyl complexes with two nitrite ligands in cis-position in . -. nitric acid solution.

	consider the presence of ruthenium complexes with an axial OH ligand, although they were already
	reported by Brown in	and confirmed by Lefebvre et al. for	nitric acid solution in	. [ , ,
	] Secondly, also polynuclear species were reported for	nitric acid solutions. [ , ] Thirdly, this
	study neglects potential transformations of ruthenium complexes on the chromatographic paper. Due
	to these reasons, the study from Scargill et al. is informative regarding the evolution of nitrate spe-
	cies at di erent nitric acid concentration, but it does not exactly represent chemistry of ruthenium(III)
	nitrosyl nitrate complexes in nitric acid solution.	
	In	, Emel'yanov et al. used Nuclear Magnetic Resonance (NMR) to study the exchange of ni-
	trite and nitrate ligands in ruthenium(III) nitrosyl complexes using 15 N-enriched sodium nitrite. [ ]

. . . In TBP Solvents

  

	Just six years a er tri-n-butyl phosphate (TBP) has been reported for reprocessing of spent nuclear
	fuel in	, Fletcher et al. published the process interference with ruthenium nitrosyl complexes. [ ,
	] Numerous researchers tried to identify ruthenium nitrosyl complexes in TBP solvents, leading to
	di erent and partly contradictory results. These results state that TBP:
	• coordinates in the first coordination sphere of ruthenium nitrosyl complexes [ ]
	• only interacts with the outer sphere of ruthenium nitrosyl complexes, preferentially with water
	ligands [ , ]
	• predominantly extracts ruthenium nitrosyl complexes in dimeric form [ ]
	In	, Brown et al. analyzed ruthenium nitrosyl complexes in TBP solvents using ruthenium-
	tracers and paper chromatography. The authors suggested that TBP slowly substitutes the wa-
	ter ligands in the mer-trinitrate ruthenium(III) nitrosyl complexes. The substitution of water ligands
	brings two TBP molecules in the first coordination sphere of ruthenium complexes. [ ] Fletcher et
	al. revealed this statement.

  Table shows a list of identified bands.

		Table -Main FTIR bands of TBP ( . in TPH) a er ruthenium extraction from	nitric acid
					wavenumber /cm -1	vibrations	assignment			reference		
									ν(NO)	nitrosyl ligand			[ , ]			
																	ν (Ru-N)	
	ν (NO)					ν s (NO 2 )	ν s (NO 2 )	ν(NO)					/ ν (Ru-O)	
				ν a (NO 2 )														
						ν a (NO 2 )												
		Ru-NO			𝑇𝐵𝑃 • 𝐻𝑁𝑂 3		Ru-NO 3									
													Ru extraction				
	absorbance												Pre-equilibration Subtraction			
	2000	1900	1800	1700	1600	1500	1400	1300	1200	1100	1000	900	800	700	600	500	400	300	200
									wavenumber /cm -1								

Figure

-FTIR spectra of TBP . in TPH a er ruthenium extraction, a prior nitric acid preequilibration and the subtraction of the pre-equilibrated from the ruthenium extraction spectrum

•

  The local ligands environment in ruthenium complexes through Extended X-ray Absorption Fine Structure (EXAFS) Both the XANES and the EXAFS are part of the x-ray absorption process but predominant at di erent energy regions. Figure shows an exemplary x-ray absorption spectra for a ruthenium sample and distinguishes the regions used for XANES and EXAFS experiments.

			XANES edge					
					EXAFS oscillations			
	(a.u.)								
	µ								
	norm.								
		Pre-edge							
	21.9	22	22.1	22.2	22.3	22.4	22.5	22.6	22.7
					energy /keV				
					23				
					21				
	3 χ(R) |				k3 19 χ(R) |				
	|Ru K k				17 |FT Ru K				
					15				
					13				

  Table shows the resonance frequencies and other essential NMR properties of nuclei that can provide information on the structure of ruthenium complexes. Table -NMR properties of 99 Ru, 101 Ru, 15 N and 17 O [ -]

	NMR Characteristics	99 Ru	101 Ru	Nucleus	15 N	17 O
	Natural Abundance /%	.	.		.	.
	Nuclear Spin /I	/	/		/	/
	Magnetogyric ratio /10 7 • rad/(T • s)	-.	-.	-.	-.
	Quadruple moment /10 28 • Q/m 2	.	.			-.
	Resonance frequency * /MHz	.	.		.	.
	Relative sensitivity ( 1 H= )					

  15 N and 17 O have an odd number of nucleons and can be analyzed with the NMR spectrometer in the LN laboratory. However, the natural abundance of 15 N and 17 O is very low. So it requires the use of 15 N and 17 O enriched chemicals. In , nitrate or nitrites salts are less commercialized with enriched 17 O than with enriched 15 N. Therefore, 15 N-NMR was chosen as an appropriate method for the speciation of ruthenium nitrosyl complexes in nitric acid solution and solvent extractions phases. Emel'yanov et al. and Kabin et al. demonstrated the applicability of 15 N-NMR for the speciation of ruthenium complexes with nitrite, nitrate and nitrosyl ligands in nitric acid solution. [ , ] 15 N-enriched ruthenium(III) nitrosyl nitrite species were synthesized and analyzed by 15 N-NMR in nitric acid solutions at di erent concentrations. The results show that di erent ruthenium complexes can be distinguished due to a di erent chemical displacement of 15 N in nitrite,

nitrate and nitrosyl ligands. However, the high diversity of ruthenium species and their reactivity make it hard to identify all complexes simultaneously. Regarding ruthenium species in organic solvents, no NMR study has been published yet. Since the apolar diluent TPH forces the extraction of electrically neutral complexes into the organic phase, ruthenium complexes should be less diverse which may facilitate a ruthenium speciation.

  Ruthenium(III) nitrosyl nitrate / RuNO(NO 3 ) x (H 2 O) x was dissolved , and nitric acid in order to obtain ≈ . ruthenium in solution. The solutions were analyzed by Raman spectroscopy to monitor the state of ruthenium complexes a er dissolution and a er heating for and h to • C in a water bath.

Analysis of Raman Spectra

The Raman spectra before and a er the two heating steps are shown in Figure

.

All spectra show one band for the nitrosyl ligand ν(NO) at ≈ cm -1 and two bands for nitrate ligands ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 of ruthenium(III) complexes in nitric acid solution, which are listed in Table

.

The reported frequencies are in agreement with former studies using FTIR spectroscopy.

[ , , ] 

Table - Assigned

 - Raman bands in Figure

				wavenumber /cm -1	vibrations		assignment		reference	
							ν(NO)	nitrosyl ligand in face of water ligand	[ , ]	
							ν(NO)	nitrosyl ligand in face of OH ligand	[ , ]	
							ν a (NO 2 )		nitrate ligands		[ , ]	
							ν s (NO 2 )		nitrate ligands		[ , ]	
	ν(NO)	ν a (NO 2 )	ν s (NO 2 )										
	2000	1800	1600	1400	1200	2000	1800	1600	1400	1200	2000	1800	1600	1400	1200

Table -

 - Initial and measured acidity and nitrite concentrations in ≈ . ruthenium(III) nitrosyl nitrate solutions; All concentrations are given in .

c(HNO 3

  Table show that the measured nitrite concentrations are much lower than the initial nitriteconcentrations in all samples. Lower nitrite concentrations can be due to nitrous acid degradation in nitric acid, following equation , or due to nitrite immobilization in form of ligands in the ruthenium coordination sphere, which may be not quantified by the Griess method. However, the entire degradation of nitrites into nitrous gases is not reasonable, since it would have decreased the acidity more ( ) the disappearance of the axial OH ligand. In order to further evidence and specify nitrites ligands in ruthenium coordination sphere, Raman spectra of the samples were recorded. are shown in Figure.The spectra show five main bands that can be attributed to ruthenium complexes, as listed in Table . These spectra di er from previous Raman spectra of and nitric acid solution in Figure regarding the addition of sodium nitrite. with the acidity decrease in Table , which was related to the protonation of OH ligand, as shown in equation . Contrary, all nitric acid solutions do not contain complexes with an OH ligand, represented by a nitrosyl band ν(NO) at cm -1 . These results are in agreement with the conclusion of the acid-base titrations, showing that the addition of sodium nitrite comes along with a protonation of the axial OH ligand of ruthenium in nitric acid solution. ligands, as reported formerly.[ , ] The addition of sodium nitrite decreases the intensity of both ν a (NO 2 ) at cm -1 and ν s (NO 2 ) at cm -1 relative to the nitrosyl band at ν(NO) at cm -1 , which is due to a loss of nitrate ligands in the ruthenium coordination sphere.

	Analysis with Raman Spectroscopy								
	Raman spectra of and	nitric acid solutions with .	ruthenium nitrosyl nitrate and variable
	The bands ν a (NO 2 ) at ric and symmetric stretching of nitrate ligands in ruthenium nitrosyl complexes. [ , cm -1 and ν s (NO 2 ) at cm -1 respectively correspond to asymmet-, ] These sodium nitrite concentrations 1 M HNO 3 ν(NO) ν a (NO 2 ) ν a (NO 2 ) ν s (NO 2 ) ν s (NO 2 ) Ru-NO 2 Ru-NO 3 Ru NO Ru NO ν s (NO 2 ) ν(NO) ν a (NO 2 ) ν a (NO 2 ) ν s (NO 2 ) Ru-NO 2 Ru-NO 3 bands are stronger in than in nitric acid solution, since ruthenium complexes in nitric acid 5 M HNO 3 Ru NO contain more nitrate Whereas both bands disappear for sodium nitrite in nitric acid solutions, they do not disappear
	H 2 O	OH for similar nitrite concentrations in moved from ruthenium complexes in	nitric acid solutions. Hence, nitrate ligands can be entirely re-H 2 O but not in nitric acid solution for sodium nitrite.
	intensity										intensity						
	2000	1900	1800	1700	1600	1500	1400	1300	1200	2000	1900	1800	1700	1600	1500	1400	1300	1200
					wavenumber /cm -1							wavenumber /cm -1
	Figure	-Raman spectra of and	nitric acid solutions with .	ruthenium(III) nitrosyl nitrate
	and (from top) , . , , . and		sodium nitrite							
	Table -Main Raman bands in and	nitric acid solutions with .	ruthenium(III) nitrosyl nitrate
	and di erent concentrations of sodium nitrite							
	wavenumber /cm -1			characteristics			band		attribution ligand	type	ref
			-		intense / broad (in face of the OH ligand)	ν(NO)		nitrosyl	stretch	[ , ,	]
						strong (	HNO 3 )/ weak ( HNO 3 )	ν a (NO 2 )	nitrate	asym. stretch	[ ,	]
								medium, broad		ν a (NO 2 )	nitrite	asym. stretch	[ ,	]
			,					sharp, shoulder		ν s (NO 2 )		nitrite	sym. stretch	[ ]
						strong (	HNO 3 )/ weak ( HNO 3 )	ν s (NO 2 )		nitrate	sym. stretch	[ ,	, ]

than it was observed. For example, if nitrous acid had degraded into nitrous gases, according to equation , the acidity would have been decreased by . Such a high acidity decrease was neither observed in nitric acid, nor in nitric acid. Accordingly, a large part of the nitrites must be linked to ruthenium, which is confirmed by the aforesaid ( ) color change of the solution, ( ) the low acidity decrease indicating a low nitrous acid degradation, ( ) the low nitrite concentrations in all analyzed solutions, and In nitric acid solution, an increase of the nitrite concentration shi s the nitrosyl band ν(NO) from to cm -1 in nitric acid solutions. The shi of ν(NO) from to cm -1 indicates a protonation of the OH ligand in ruthenium complexes complexes in nitric acid. This observation is in agreement Meanwhile, high sodium nitrite concentrations also shi the nitrate band ν a (NO 2 ) at cm -1 to lower wavenumbers, which is particularly clear in nitric acid solutions. A shi to lower wavenumbers indicates that nitrate bindings change in ruthenium nitrosyl complexes in presence of high nitrite concentrations. Similar shi s of the wavenumber can also be observed in DFT calculated Raman spectra for nitrate ligands in face of nitrite ligands in the equatorial coordination sphere of ruthenium nitrosyl complexes, as shown in Figure A . on page . So the nitrate ligand shi also evidences the presence of nitrites in face of nitrate ligands in the equatorial coordination sphere of ruthenium complexes.

Table -

 - 

Calculated Raman bands of [RuNO(NO 2 ) x (H 2 O) 5-x ] 3-x as shown in Figure .

Complexes with 15 N-enriched Nitrites

  in closed atmosphere, as explained in chapter . . on page . The initial concentrations were nitric acid, . ruthenium and sodium nitrite. A similar sample was already studied with a coupling of DFT and Raman spectroscopy in Figure on page , indicating a complete removal of nitrate ligands from the ruthenium coordination sphere at such high nitrite concentrations.

																3 M H 15 NO 3
																1 M H 15 NO 3
	4	2	0	-2	-4	-6	-8	-10	-12	-14	-16	-18	-20	-22	-24	-26	-28	-30
									δ /ppm								
	Ru-O-NO and HNO 2						Ru-NO 2					ref		
	210	195	180	165	150	135	120	105	90	75	60		45	30	15	0	-15	-30
									δ /ppm								
	Former sections have shown that nitrite ligands rapidly replace nitrate ligands in the ruthenium(III)	
	nitrosyl coordination sphere. The substitution of nitrate ligands forms cis-dinitrite and potentially	

mer-trinitrite complexes. The presence of trinitrite complexes was investigated in the following manner:

Sample Preparation

mg of 15 N-enriched sodium nitrite powder ( % atom , purchased by Sigma Aldrich) was dissolved in µL of . ruthenium(III) nitrosyl nitrate in nitric acid. The dissolution of the nitrite powder was done

Table -

 - List of identified vibration according to Figure

	wavenumber /cm -1	band	assignment	reference
		ν(NO)	nitrosyl ligand	[ , ]

  The spectra were measured (from top) initially, and a er , and days. The spectra are compared to simulated mass spectra of (from le ) [RuNO(NO 2 ) 2 TBP] + [RuNO(NO 3 )(NO 2 )TBP] + and [RuNO(NO 3 ) 2 TBP] + species. Just a er the extraction, the spectrum shows one major [Ru(NO)(NO 2 ) 2 (TBP)] + specie at m/z= , as already identified in Figure in chapter . . on page . days a er the extraction, the ESI-MS

			initial								
			+4 d								
		counts	+7 d +35 d								
			482	490		498		506		514	522	530
									m /z	
		initial									
		Figure	-ESI-MS spectra of TBP .	in TPH a er ruthenium extraction from	nitric acid with
	counts	490 three nitrite equivalents per ruthenium; 482 498 506 +4 d +7 d +35 d		514		522	530
							m /z			
							NO					NO	NO
					H 2 O	Ru	NO 2		H 2 O	Ru	NO 2	H 2 O	Ru	NO 2
					NO 2	x	NO 2	days	NO 3	x	NO 2	weeks	NO 3	x	NO 3
						NO					NO	NO
					H 2 O	Ru	NO 2		H 2 O	Ru	NO 3	H 2 O	Ru	NO 3
					NO 3	x	NO 2		NO 3	x	NO 2	NO 3	x	NO 3
					NO				NO			NO
				H 2 O	NO 2			H 2 O	NO 2		H 2 O	NO 2
					Ru				Ru			Ru
				NO 2	NO 2			NO 3	NO 2		NO 3	NO 3
									x			weeks	x
					x						
				NO					NO			NO
				H 2 O	NO 2			H 2 O	NO 3		H 2 O	NO 3
				Ru					Ru			Ru
				NO 3	NO 2			NO 3	NO 2		NO 3	NO 3
									x			x
				x							

tions, ESI-MS spectra of TBP . in TPH were measured a er ruthenium extraction from nitric acid with . ruthenium and three nitrite equivalents per ruthenium. A er separation from the aqueous phase, the organic phase was stored and repetitively analyzed by ESI-MS, as shown in Figure . spectrum shows a decrease of this peak and a simultaneous increase of [RuNO (NO 3 )(NO 2 ) TBP] + at m/z= . days a er extraction, the ESI-MS spectrum shows only traces of [RuNO(NO 2 ) 2 TBP] + , predominantly [RuNO(NO 3 ) (NO 2 )TBP] + , and some [RuNO(NO 3 ) 2 TBP] + at m/z= species. days a er extraction, the ESI-MS spectrum shows no more [RuNO (NO 2 ) 2 TBP] + , some [RuNO(NO 3 ) (NO 2 )TBP] + , and predominately [RuNO(NO 3 ) 2 TBP] + species. This spectra evolution is coherent with the NMR findings observed for extractions from nitric acid solutions in Figure on page , showing that ruthenium nitrite species progressively convert into ruthenium nitrate species. However, these ESI-MS data also show that the degradation kinetics vary between the di erent ruthenium nitrite species. Whereas the specie [RuNO(NO 2 ) 2 TBP] + at m/z= degrades within days, the specie at m/z= [RuNO(NO 3 )(NO 2 )TBP] + degrades within weeks. This observation enables to estimate the degradation mechanism of ruthenium nitrite complexes, extracted from nitric acid with TBP . in TPH, as shown in Figure . days Figure -Degradation scheme of ruthenium nitrite complexes in TBP . in TPH a er extraction from nitric acid; x: TBP or H 2 O → an axial coordination of TBP has only been shown for extractions of Ru-NO 2 species from nitric acid.

Table -

 - 

	ν (NO)			ν' (CO)	ν s (NO 2 )	ν(NO)			ν (Ru-N) / ν (Ru-O)
			ν (CO) / ν a (NO 2 )	ν a (NO 2 )				Ru-NO 3				
	org (Ru)													
	/ c													
	absorbance													
	2000	1800	1600	1400		1200	1000	800	600		400	200
							wavenumber /cm -1					
			List of the main FTIR bands of organic solvents a er ruthenium extraction from	nitric
	acid, following Figure									
	2000	1700	1400	1100	800	500	200	2000	1700	1400	1100	800	500	200
		wavenumber /cm -1 wavenumber /cm -1 vibration		assignment		wavenumber /cm -1		reference
					ν(NO)		nitrosyl ligand						[ , ]
					ν(CO) / ν a (NO 2 )	non-coordinating carbonyl group/ T BP • HNO 3 adducts		[ , ]
					ν'(CO)		carbonyl group connected to Ru complex				[ ]
					ν a (NO 2 )		nitrate ligands						[ , ]
					ν s (NO 2 )		T BP • HNO 3 adducts						[ ]
					ν s (NO 2 )		nitrate ligands						[ , ]
					ν(NO)		nitrate ligands						[ , ]

ν(Ru-N)/ ν(Ru-O) vibration of ruthenium -nitrate or -nitrosyl bond

[ -] 

Extractions from nitric acid solutions of ruthenium with additional nitrites were tested and reported in Figure A . on page , showing no conclusive results by reason of low ruthenium distribution ratios or complexes instabilities in the organic phases.

Table -

 - Absolute and relative retention factors of ruthenium according to equation and for h contact at • C

	Point in plot Retention *	TBP	MOEHA TBU TODGA
	B	Ret abs ( ) Ret rel ( )	.	.	.	.
	C	Ret abs ( ) < . Ret rel ( ) <	.	.	.
	*					

  Table shows the calculated retention factors.

Isonitrite distribution ratio curves were already presented in chapter . on page with a logarithmic scale.

Table below :

 below Table -Evaluation of the ruthenium retention during scrubs with and nitric acid measured retention in the error range of the extraction valueDetailed investigations of scrubs with nitric acid show a formation of ruthenium complexes with an axial OH ligand in MOEHA and TODGA solvents. The formation of such complexes causes a release of nitrate ligands from the inner ligands sphere of ruthenium. This release is due to the decrease of the nitric acid concentration in the organic phase. The release of nitrate ligands opens a spot in the equatorial ligand sphere of ruthenium complexes. This spot can be occupied by the extractant molecule which acts as a ligand. The inner sphere coordination of the extractant in ruthenium complexes was suggested as one reason for the abnormal high retention phenomenon of ruthenium:

		TBP	MOEHA	TBU	TODGA
	HNO 3	medium	low	low	very high
	HNO 3	zero	zero *	medium	high
					

* 

Table A .

 A -15 N-NMR shi s for ruthenium nitrosyl nitrite complexes a er dissolving Na[Ru 15 NO( 15 NO 2 ) 4 OH] in nitric acid solution at di erent concentrations, according toKabin et al. [ ] 

Results

A . .

Ruthenium Speciation In Nitric Acid Solution

  

	intensity															
	2000	1900		1800	1700		1600	1500		1400	1300		1200			
								ν s (NO 2 )	Ru-NO 2			δ (NO 2 )			
	intensity															intensity
	2000	1900	1800	1700	1600	1500	1400	1300	1200	1100	1000	900	800	700	600	150
							wavenumber /cm -1							

Table A .

 A -Quantification of nitrites using the Griess method for the solution; the procedure of the analysis is reported in chapter . . on page

											Standards
				Transmission /nm	S0		S1		S2	S3		S4	S5	S6	S7
				530	100.02		100.25	99.67	98.62	96.42	90.50	80.99	58.89
				635	99.96		100.82	100.75	100.73	100.72	100.66	100.29	100.50
				Corrected							
				Transmission	-0.06		0.57		1.08	2.10	4.30	10.16	19.31	41.60
				T(635)-T(530)							
				c(NO2 -) / mol/L	0		5.12E-08	1.02E-07	2.05E-07	4.10E-07	1.02E-06	2.05E-06	5.12E-06
	100								7.0E-06
		90								6.0E-06
	/%											5.0E-06
	transmission	60 70 80							c(NO 2 -) / mol/L	2.0E-06 3.0E-06 4.0E-06	y = 1.22E-07x -8.47E-08 R² = 9.95E-01
												1.0E-06
		50							0.0E+00
				400	450	500	550	600	650			0	50	100
					wavelength /nm					transmission /%
				S0		S1		S2		S3		
				S4		S5		S6		S7		
										Resulting equation:	
									y = 1.22E-07x -8.4667E-08	Calibration
										Samples	
	c(HNO 3 ) i /mol/L				1					5
	c(NO 2	-) i / mol/L	0	0.5		1		1.5	2	0	0.5	1	1.5	2
	dilution factor	1000	1000		1000	1000	10000	1000	1000	1000	1000	10000
	T(530)/ nm	74.16	77.77		52.94	38.74	81.63	54.76	76.49	62.56	9.32	85.54
	T(635))/ nm	96.69	99.88		100.07	98.01	100.96	97.58	100.17	100.76	97.52	100.51
	Delta T(635)-T(530) /nm	22.52	22.11		47.13	59.26	19.33	42.82	23.68	38.20	88.20	14.97
	c(NO 2	-) / mol/L 1.90E-06	1.85E-06	4.90E-06	6.38E-06	1.51E-06	4.37E-06	2.04E-06	3.81E-06	9.91E-06	9.78E-07
	c(NO 2 dilution/ mol/L -) before	0.00190	0.00185	0.00490	0.00638	0.01510	0.00437	0.00204	0.00381	0.00991	0.00978
		Results in mmol/L	2	2		5		6	15	4	2	4	10	10
													Results

Table A .

 A -DFT calculated Raman bands for symmetric stretching of nitrite ligands in [RuNO(NO 2 ) x (NO 3 ) y (H 2 O) ax ] 3-x-y as shown in Figure A . .

					number	complex	wavenumber /cm -1	intensity				
					(I)		mononitrite								
					(II)		trans-dinitrite								
					(III)	cis-dinitrite								
					(IV)	mer-trinitrite								
	0															
	NO 2															
	O 2															
	intensity															
	1400	1350	1300	1250	1400	1350	1300	1250	1400	1350	1300	1250	1400	1350	1300	1250
								wavenumber /cm -1						
	1250															
	+2 M															
	aNO 2															
	1250															
	M															
	NO 2															
	s (NO 2 )															
	Ru-NO 3															
	1250															

Table A .

 A -Ruthenium distribution ratios measured by ICP-AES for extractions with TBP . in TPH: V org /V aq = , [Ru] aq i = . , T= • C, t= min of agitation; The recovery represents the quotient of the measured aqueous and organic phase concentrations divided by the aqueous phase concentration before extraction. [ ]

		ν(NO)		ν a (NO 2 )	ν a (NO 2 )		ν a (NO 2 )	ν s (NO 2 )	ν s (NO 2 )
		Ru-NO					Ru-NO 3	ν s (NO 2 )	ν' (P=O) ν(P=O)
							Ru-NO 2		
						TBPxHNO 3			
	c aq (NaNO 2 ) i / mol/L	c aq (HNO 3 ) i / mol/L		D Ru			recovery /%
				1		0.106				+0.5
				2		0.119				-1.6
		0		3 4		0.116 0.066				-1.6 +0.1
				5		0.030				+1.9
				6		0.013				-4.4
	absorbance	0.5		4 1 2 3		0.057 0.224 0.191 0.132				0.6 -4.4 -0.5 -3.2
				5		0.022				-1.3
	2000	1900	1800	6 1700	1600	0.008 1500	1400		-4.2 1300	1200	1100
					wavenumber /cm -1				
				1		0.523				-1.3
				2		0.222				0.5
		1		3 4		0.106 0.036				-1.7 1.7
				5		0.014				-5.6
				6		0.007				-3.8
				1		0.581				0.1
				2		0.167				3.2
		2		3 4		0.067 0.020				2.2 4.8
				5		0.008				1.6
				6		0.004				0.3

Solvents with di erent Oxygen-Donor Extractants A . . .Raw FTIR Spectra of Ruthenium Extraction

  

													MOEHA MOEHA
	/ c org (Ru) / c org (Ru)												TBU TBU
	absorbance absorbance												TODGA TODGA
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			wavenumber /cm -1 wavenumber /cm -1					wavenumber /cm -1 wavenumber /cm -1		

Table A .

 A -Composition of solvents a er nitric acid pre-equilibration and a er extraction from . ruthenium(III) nitrosyl nitrite in nitric acid solution, corrresponding to Figure on page and Figure on page ; All concentrations are given in . [ ]

	Extractant in TPH	𝒄 𝑯𝑵𝑶𝟑 𝒂𝒒	𝒄 𝑯𝟐𝑶 𝒐𝒓𝒈	𝒄 𝑯𝑵𝑶𝟑 𝒐𝒓𝒈	𝒄 𝑹𝒖 𝒐𝒓𝒈	𝑫 𝑹𝒖
		1	0.434	0.184	0.057	0.106
		2	0.440	0.434	0.063	0.119
	TBP (1.1 M)	3 4	0.392 0.270	0.607 0.797	0.063 0.037	0.116 0.066
		5	0.207	0.917	0.018	0.030
		6	-	-	0.007	0.013
		1	0.156	0.195	0.003	0.005
		2	0.234	0.511	0.014	0.023
	TBU (1.5 M)	3 4	0.244 0.199	0.790 1.145	0.029 0.041	0.050 0.072
		5	0.215	1.367	0.040	0.072
		6	-	-	0.018	0.032
		1	0.155	0.150	0.005	0.008
		2	0.262	0.441	0.018	0.031
	MOEHA (1.4 M)	3 4	0.299 0.226	0.667 0.946	0.028 0.025	0.050 0.043
		5	0.219	1.094	0.017	0.029
		6	-	-	0.009	0.015
		1	0.081	0.051	0.037	0.063
		2	0.143	0.173	0.061	0.112
	TODGA 0.2 M	3	0.167	0.251	0.073	0.137
	(+5% vol n-octanol)	4	0.181	0.380	0.073	0.133
		5	0.184	0.478	0.066	0.127
		6	-	-	0.030	0.054

Table A .

 A -Detailed data of ICP-AES measurements related to the ruthenium distribution ratio of extractions from nitric acid and consecutive scrubs with and nitric acid; The recovery represents the sum of organic and aqueouse phase concentrations divided by the concentration of ruthenium in the initial aqueous or organic extraction phase. For sample assignement: O: organic phase, A: aqueous phase, Ini: initial phase, MOE: MOEHA, TOD: TODGA

		Sample Id	c(Ru) 240.272 (mg/L)	c(Ru) 349.894 (mg/L)	averg. mass	stand. deviation	dilution	c(Ru) before dilu (mg/L)	D Ru recovery
		Ini3-1	6.16	6.06	6.18	0.10	10000	61784.50		
		Ini3-2	6.16	6.05						
	used with	Ini3-1	6.33	6.31	6.31	0.03	10000	63107.74		
	TBP	Ini3-2	6.25	6.35						
		O_TBPEx-1	2.64	2.68	2.66	0.02	2500	6639.89	0.12	0.99
		O_TBPEx-2	2.63	2.67						
	from 3M HNO 3	A_TBPEx-1 A_TBPEx-2 O_TBUEx-1 O_TBUEx-2 A_TBUEx-1 A_TBUEx-2 O_MOEEx-1	5.51 5.36 1.49 1.50 5.75 5.71 1.38	5.47 5.47 1.50 1.51 5.77 5.69 1.39	5.45 1.50 5.73 1.37	0.05 0.01 0.03 0.01	10000 2250 10000 2250	54516.76 3370.94 57290.93 3091.20	0.06 0.05	0.98 0.98
	Extraction	O_MOEEx-2 A_MOEEx-1 A_MOEEx-2 O_TODEx-1 O_TODEx-2	1.36 5.78 5.71 3.53 3.38	1.37 5.77 5.69 3.55 3.39	5.74 3.46	0.04 0.08	10000 2250	57410.97 7791.76	0.15	0.98
		A_TODEx-1	5.33	5.31	5.29	0.03	10000	52923.88		
		A_TODEx-2	5.29	5.24						
		O_TBPS2-1	3.03	3.05	3.08	0.04	1000	3078.99	0.82	1.03
		O_TBPS2-2	3.12	3.11			1000			
		A_TBPS2-1	1.91	1.90	1.87	0.03	2000	3739.46		
	with 2M HNO 3	A_TBPS2-2 O_TBUS1-1 O_TBUS1-2 A_TBUS1-1 A_TBUS1-2 O_MOES2-1 O_MOES1-2	1.84 0.70 0.74 2.57 2.59 0.67 0.67	1.84 0.71 0.75 2.55 2.57 0.68 0.67	0.73 2.57 0.67	0.02 0.01 0.00	900 1000 900	653.70 2570.10 604.07	0.25 0.25	0.96 0.97
	Scrub	A_MOES2-1 A_MOES1-2 O_TODS6-1	2.41 2.40 5.16	2.39 2.38 5.21	2.39 5.33	0.01 0.14	1000 900	2392.78 4793.24	1.63	0.99
		O_TODS1-2	5.45	5.47						
		A_TODS6-1	2.97	2.93	2.95	0.02	1000	2946.08		
		A_TODS1-2	2.96	2.92						
		O_TBPS6-1	0.36	0.36	0.36	0.00	111	39.91	0.01	1.03
		O_TBPS2-2	0.36	0.36						
		A_TBPS6-1	3.13	3.20	3.14	0.03	1000	3140.21		
	with 6M HNO 3	A_TBPS6-2 O_TBUS6-1 O_TBUS6-2 A_TBUS6-1 A_TBUS6-2 O_MOES6-1 O_MOES6-2	3.12 0.58 0.60 1.92 1.93 0.19 0.19	3.11 0.58 0.60 1.89 1.90 0.19 0.19	0.59 1.91 0.19	0.01 0.01 0.00	120 312.5 120	70.55 597.59 22.97	0.12 0.04	1.02 1.01
	Scrub	A_MOES2-1 A_MOES2-2 O_TODS6-1	1.90 1.91 4.70	1.87 1.87 4.66	1.89 4.83	0.02 0.15	312.5 240	589.89 1158.56	0.33	0.97
		O_TODS6-2	4.99	4.96						
		A_TODS6-1	7.17	6.99	7.03	0.09	500	3513.76		
		A_TODS6-2	7.07	6.88						

  [ ] International Energy Agency. Data and Statics. . : https://www.iea.org /data-andstatistics?country=WORLD&fuel=Energy% supply&indicator=Total% primary% energy% supply% (TPES)% by% source (visited on / / ). [ ] J. S. Sawyer. 'Man-made carbon dioxide and the "greenhouse" e ect'. In: Nature . ] International Energy Agency. Renewable Energy Essentials: Hydropower. Report. . [ ] H. Van de Vegte et al. Overview of potential locations for new pumped storage plants in EU , ] Y. Kim, M. Kim and W. Kim. 'E ect of the Fukushima nuclear disaster on global public accept-] J. Fletcher, C. Lyon and A. Wain. 'The Partition Coe icients of Nitratonitrosylruthenium Complexes between Nitric Acid and TBP Phases'. In: Journal of Inorganic & Nuclear Chemistry . ] J. M. Richards and B. J. Mincher. 'Selective Partitioning of Ruthenium from Nitric Acid Media'. In: Solvent Extraction and Ion Exchange . ( ), pp. -. [ ] P. Sinharoy et al. 'Separation of radio-chemically pure Ru from radioactive waste for the preparation of brachytherapy sources: an insight of process development study'. In: Separation Science and Technology ( ), pp. -. [ ] M. Blicharska et al. 'Separation of fission produced 106 Ru from simulated high level nuclear wastes for production of brachytherapy sources'. In: Journal of radioanalytical and nuclear Moeyaert et al. 'Experimental and modelling study of ruthenium extraction with tri-n-butylphosphate in the PUREX process'. In: Chemical Engineering Science ( ), pp. -. [ ] P. Brown, J. Fletcher and A. Wain. Nitrato Nitrosylruthenium Complexes and Their Extraction from Nitric Acid Systems by Tributyl Phosphate. Part I. Laboratory Studies. Tech. rep. Great Britain Atomic Energy Research Establishment, Harwell, Berks, England (United Kingdom), .
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This mass pattern can change when the complex contains many other polyisotopic elements, which is not the case in this study.Complexes fragmentation in the ESI-MS setting can give information on the stability of a ligand bond. Nevertheless, it requires supplement information in order to distinguish between inner and outer sphere coordination. [ ]

The original complex does not contain ACN ligands. The ionization process can create ACN ligands when other ligands, such as water or nitrates, are removed from the ruthenium complexes.

Contrary, scrubs with nitric acid result a high nitric acid concentration in the organic phase which supports the interaction with anionic complexes via hydrogen bond.

The temperature of the thermal pre-conditioning was increased in order to accelerate the observed transformation over time, as it was shown in Figure on page .

The extractions were performed from . ruthenium(III) nitrosyl complexes acid in nitric acid, as illustrated in Figure . The scrubs were performed with fresh nitric acid for only min for the following reasons. Firstly, a shorter contact time (in comparison to former scrubs) limits ruthenium backextraction and therefore simplifies organic phase speciation with ESI-MS. Secondly, the use of nitric acid involves a higher concentration gradient between aqueous and organic phase, which accelerate the decrease of nitric acid in the organic phase, and hence, likely better visualize modifications in the organic phase due to the ruthenium retention. [ , , ] Such modifications and their speciation are the purpose of this experiment.

The spectra of ruthenium extractions from nitric acid and consecutive scrubs with nitric acid are also compared to other ruthenium extractions with nitric acid. This comparison is used to analyze under which conditions certain complexes are formed in the organic phase. All ESI-MS spectra were recorded between m/z= -, but the presented spectra only show an extract of the entire spectrum, which focus on the identified complex. Each complex was identified by comparing a mass spectrum simulation of a proposed complex to the experimental spectrum. The ESI-MS results are shown in Figure . 

A . . .Slope Method to Analyze the number of TBP molecules in Ru Complexes

The applied spectroscopic methods in the thesis do not allow to estimate the number of TBP molecules in extracted ruthenium complexes precisely. One approach to estimate the number of TBP molecules in ruthenium complexes is the slope method, which combines the distribution ratios D Ru and the extraction constant K ext Ru : [ , , ]

In this equation, the anionic ligand A -can be a nitrate, a nitrite or a hydroxide ligand. Assuming that aqueous and organic phase species of ruthenium can be described as

respectively, one can concluded for the distribution ratio:

In the aqueous phase, all the species could be written as [RuNO n+ ]. Hence, the concentration of the organic phase species of ruthenium can be inserted into the equation of the extraction constant:

A er a logarithmic transformation, this leads to:

In this equation, K ext Ru and [A -] n can be assumed to be constant. The concentration of free TBP molecules [T BP]in the organic phase can be calculated by measuring the di erence between the initial TBP concentration and the concentration of [T BP • HNO 3 ] and [T BP • H 2 O] adducts:

So when the ruthenium distribution ratio is plotted as a function of the concentration of free TBP molecules in the organic phase, the slope of the curve allows to identify the number y of TBP molecules in an extracted ruthenium complex:

However, measured values are always average values for di erent ruthenium species in the organic phase. This slope analysis requires to measure the ruthenium distribution ratio for numerous extractions with di erent concentration of the extractant in the organic phase.

In recent studies, [ ] the slope analysis was performed for ruthenium extraction with TBP %, %, % % and % in TPH from . , , , and nitric acid solutions with . ruthenium(III) nitrosyl nitrate. The slope analysis was also performed a er ruthenium complexation with . sodium nitrite prior to the extraction experiments, as described in chapter . . on page . . . 

Abstract

The ruthenium fission product can challenge the PUREX process for recycling of spent nuclear fuel for several reasons. One is due to diverse ruthenium(III) nitrosyl complexes, which contaminate solvent extraction cycles and impede a simple and clean separation of reusable uranium and plutonium products. This thesis presents a speciation analysis of ruthenium in nitric acid solution and organic solvents composed of TBP, MOEHA, TBU or TODGA extractants using coupled techniques as Raman, ESI-MS, FTIR, EXAFS and 15 N-NMR spectroscopy. Identified ruthenium species in the organic phase were linked to measured distribution ratios in order to better explain the behavior of ruthenium in solvent extrac-