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1 — Chemistry and Physical-chemistry of the Actinids

L’équipe est constituée de :

- Responsable équipe CEA/DEN (2007) Dr. D. Meyer
- Chercheur CEA/DSM (2009-2012) Dr C. Genre

- Chercheur CNRS (2009) Dr. D. Bourgeois

- Enseignant-Chercheur UM2 (2009) Dr J. Maynadié

Post-doctorants : Dr. Damien Hudry (2008-2010) ®&rChatelain (2010-2012)
Dr. MC Dul (2010-)

Doctorants : Thomas Demars (2009-2012) Remy P@2ai1)
Violaine Goudy (2012) Kevin Ruffray (2012)

Le cadre général de la recherche prévue au LCPA&ehsit de la compréhension fondamentale de la
chimie, physico-chimie et la physique des actinidas occupent une position particuliere dans le
tableau périodique.

Tout en restant fondamentales, les études préwvaresement dans leur majeure partie le cycle du
combustible tel gu'envisagé dans les systemes aiérgton |V mais avec une vision long terme. Les
résultats de ces études doivent alimenter la cesaate de base nécessaire pour, dans un premier
temps, essayer de comprendre certains mécanisimgsrafions, essentiellement chimique tel que la
séparation des actinides ou I'évolution de mat&riaide composés d’actinides au cours de leur
historique de mise en ceuvre (fabrication, passagéacteur, dissolution). Dans un deuxieme temps,
elles peuvent servir d’aide au déploiement d’appescinnovantes pour le développement de
nouveaux procédés. A ce titre les programmes deerelse prévus au LCPA sont centrés sur la
synthese et la caractérisation de composés a kagnides essentiellement d’éléments transuraniens
et couvre des aspects chimiques et physicochimigemssolution et en phase condensée
essentiellement de type matériau moléculaire.

Dans I'état actuel, le LCPA dispose d'un accéssalbites a gants standards dans I'INB ATALANTE
qui ne répondent d'un point de vue technique gae partiellement pour études envisagées, il est
nécessaire pour mener a bien les projets origthelsCPA de disposer a minima d’'une boite a gants
en atmosphere contrélée permettant de s’afframig@sirconditions d’oxydation et d’hydrolyse. Ce type
d’installation est incontournable pour réaliser édades prévues au LCPA et d'une fagcon générale
pour progresser dans la compréhension du companteimedamental des especes moléculaires des
éléments transuraniens.

Ne disposant pas encore de ce type de boite a desmtxctions de recherche du LCPA se sont centrées
sur I'uranium et le thorium, ainsi que sur d’autéésments tels que les lanthanides ou des métaux de
transitions.

Les projets LCPA se sont donc portés sur la syetheéaractérisation et étude de systémes
moléculaires a base de métaux (de transition dt Bf Th) dans le cadre de I'élaboration de nouveau
matériaux ou solides moléculaires, de la strudamate phases organiques complexes et de la
toxicologie nucléaire. Le LCPA collabore avec I'I'idans le cadre de la synthése et caractérisation de
nanoparticules d’oxydes d’actinides.



Dans le cadre de la chimie moléculaire des élénentsuraniens et dans la mesure du possiblg, il es
prévu de réaliser la synthése de précurseurs deas#a moléculaires du Np et du Pu dans les
installations disponibles dans le cadre d'une thése

Les résultats des études menées antérieuremerith stonversion de composés moléculaires du
silicium en carbure, présentée dans le rapportépiet, sont prévus pour étre valorisé dans le cadre
de support de catalyseur et/ou de catalyseur.

Enfin, le LCPA a également développé une collalmmeavec VEOLIA Propreté/SARPI dans le cadre
de la valorisation de métaux a partir du recycldgbatterie de véhicule électrique.

Biological systems: Toxicology Molecules, Cluster, Nanoparticules
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Matériaux et composés moléculaires

Polymére de coordination a base de dihydroxybenzogoe (DHBQ)

Une premiére série de composés de typg 4 a base d’Eu, de Nd et de Gd avec L=DHBQ a été
synthétisée par autoassemblage en solution homogfenaractérisée par diffraction des rayons-X
(monocristaux et poudres), microscopie électroniquespectroscopie IR, Raman. Les composés
mixtes (contenant deux lanthanides différents) &artndes solutions solides. D'une facon générale
nous avons observé un transfert congruent de lgigolvers le solide.

L’étude de leur conversion en matériaux type oxgdmontré la formation de différentes phases en
fonction de la nature du métal et/ou de la comsiklative pour les composés mixtes.

Des composés Am-Gd ont été synthétisés et des ezesieé magnétisme ont été réalisées en
collaboration avec ITU.

Un des résultats remarquables pour ces composési’eést été possible de contréler la morphologie
du grain élémentaire a I'’échelle micrométrique etgarder cette morphologie lors de la conversion
vers un matériau de type oxyde. Il a été possildbtenir des cylindres, disques, cubes, hexagones
ainsi que des octaedres tronqués.

Des essais complémentaires ont montré qu'il étsisiple d'intégrer des métaux d et de faire des
composés mixtes avec des lanthanides avec le gpestent de nouvelles approches de synthéses en
milieu anhydre. D’autres ligands tel que la napdtize, ont également été étudiés.

Plusieurs collaborations sont a I'étude, une aviéd/ORT pour une application dans le domaine des
matériaux d’électrodes et une autre pour une gt en catalyse.

Photosysteme Ru-4f,5f

Un projet a base de systemes mixtes contenant atog#nsibilisateur & base de Ru et un métal f lié
entre eux par un ligand de type polyaromatique sontours d’étude. Dans un premier temps des
ligands et des molécules mono et bimétalliques &étsynthétisés et caractérisés (spectroscopie,
temps de vie,...). Ces systemes seront dans un deetEgmps intégrés dans un solide moléculaire
type polymére de coordination. L’'objectif est dempwendre le transfert intramoléculaire d’'un



photoélectron dans un systeme comprenant un éléindatdévelopper un systeme permettant une
séparation des charges pour une mise en ceuvraidaystéme catalytique (réduction substrat ou de
I'eau). Cette étude est en collaboration avec leokatoire de Chimie des Processus Biologique du
College de France, spécialisé dans les systemgasatiesynthese artificielle.

Phase organique complexes (Chimie Séparative)

Ces études se placent dans le contexte de la diéttion des forces fondamentales qui régissent la
stabilité d’'une phase organique contenant des nagtsiliques, un systéme moléculaire extractant et
un solvant. Dans le cadre de la compréhension ldudés interactions faibles dans un processus de
solubilisation d’éléments métalliques dans une pluganique complexe, le LCAP a développé deux
approches :

Systeme fluorés vs hydrogénés

Cette étude s'intéresse plus spécifiguement au déteinteractions de polarisation dans une phase
solvant-extractant-métal par substitution d’unetipanydrogénée de I'extractant de type amphiphile,
par une partie fluorée tout en gardant le volumdéémdaire et la partie polaire constante. Afin de
maitriser la topologie moléculaire de I'extractambdifié, des études via différentes approches
synthétiques ont été nécessaire pour accéder ardphiphiles fluorés (diamides, phosphonates,
phosphates, mono ou bi caténaires,...). Enfin labdidkide métaux de type lanthanides a été mesurée
et des caractérisations des phases par diffusiayofi®-X et neutrons) sont en cours.

Pd(Il) vs Lanthanide(lll)

Dans certains procédés étudiés dans le cadre miteatent du combustible irradié, il a été observé

une séparation entre des lanthanides |égers etaddsanides lourds en méme temps qu’une co-

extraction d’éléments tels que le Pd, le Mo ourdgdr exemple. Une approche alternative a I'étude

classique centrée sur les lanthanides consistetérndéer pourquoi deux éléments ayant des

propriétés chimiques tres différentes tel que oestéanthanides et le Pd se comportent de fagon
similaire en extraction alors que des éléments tayae chimie proche, les lanthanides Iégers et

lourds, se comportent de facon différente toujgansr un méme system extractant. Dans ce contexte
le comportement du Pd lors d’'une solubilisatiorit s@ une solution aqueuse ou via un systeme

solide, a été étudié par rapport aux lanthanides.

Toxicologie Nucléaire : Uranium dans le tissu oss&u

Afin de comprendre la fagcon dont l'uranium s’'intégdans le tissu osseux et dont il peut
éventuellement s’en extraire, tout en se passaxipdrimentation animale, une approche mettant en
ceuvre des systemes d'os synthétiques a été déeel@ppcollaboration avec le CEA/DSV, KIT-INE
(Karlsruhe) et 'INSERM de Lyon. Différentes métlesdde synthéses ont été développées qui ont
conduit a I'obtention de différent type de composésthétiques. Ces composés ont été caractérisés et
leur compatibilité avec la croissance de cellujgmetostéoclaste et ostéoblaste a été validée. Cette
approche permet ainsi d’obtenir un matériau biortiop@ contenant une quantité d’uranium contrélée
et d'étudier le niveau chimique, biochimique etldeire du systéme biologique contenant de
I'uranium dans un processus soit d’'insertion, deidécorporation d’uranium du tissu osseux.

Nanoparticules

Aprés une premiere collaboration entre I''TU e€8M qui a permis de mettre au point une approche
combinée supramoléculaire et plasma pour l'obtenti? couches de nanoparticules d’oxydes
d’'actinides sur substrats, la synthése de nanaugxstl’'oxydes d'actinides « libres » a été mise au
point. Ces études réalisées au JRC-ITU sur U, TNpetnontrent une nette différence de réactivité et
de morphologie entre le systeme U et le systéemeL&$.conditions d’obtentions de nanoparticules
avec une morphologie donnée et une excellentéldison (taille et forme) ont été déterminées.

Carbure de Silicium

Les approches de synthése de carbure de siliciartavionversion thermique de polysilanes obtenus
par la condensation de silanes en phase suprartatécaéveloppé au cours de la période précédente
de sont a I'étude pour le revétement en SiC ddysatar de voiture.



Réactivité théorique des actinides

La réactivité de composés moléculaires a été @utigoriquement dans le cadre d’une collaboration
avec I'Université de Toulouse et de Montpellier Plus précisément, le rble de la structure
électronique pour I'activation de la liaison CH dafes composés pyridine-oxime par des composeés
de I'U et du Th a été déterminé. Ces premiers t&tsutlevaient aboutir a I'étude de la réaction de
condensation entre liaison actinide-chlore et a#halcoxyde (actinides = Pu et Np) et la
condensation redox entre actinyle (V/VI) et actnidll/IV) mais en raison de la complexité des
calculs et de la limite actuelle des méthodes pesirconfigurations électroniques supérieures a 5f2
cette action a été reportée.



From Coordination Polymer to Doped Rare-earth axide

Thomas Demarslérome Maynadié, Johann Ravaux, Renaud Podonli@arGenre, Daniel Meyer

Rare-earth mixed oxides are attractive compounds inumber of technological areas, such as
catalysts for various organic reactions, thermatidacoating materials or components in fuel cells
Doped ceria, for example, are of considerable @steas solid oxide fuel cell (SOFC) anodes and
electrolytes, because of their high ionic condiitstivihey are also choice components for molecular
electronics. Othef-metal oxides, hamely actinide oxides, are curyamled as fuels in nuclear plants
and are considered promising materials for newsfuel the fourth generation of nuclear power
reactors.

We have developed a synthesis route towdrelements oxides, based on thermal conversion of
coordination polymers of controlled structure anarphology’ In a first step, mixed metal
coordination polymers are prepared as solid salati®ynthesis by auto-assembly of metal ions and
ligand 2,5-dihydroxy-1,4-benzoquinone (DHBQ) lead niixed coordination polymers. Two ways
have been developed, an aqueous way and an anbydr®y leading to species with different
structure. In both ways, the proportions of thdedént metals in the CPs are equal to the propugtio
of the metal ions introduced in the starting systhenixture. Mixed Ln(lI/Ln(lll), Ln(II/Th(IV),
Ln(I)/U(IV) and Th(IV)/U(IV) with controlled compsition were easily obtained, and PXRD
measurements proved they are indeed solid solutions

Figure 1:a) andb): a micrometric cube of the coordination polymen(fiHBQ).24H,0 : before and after
900°C heat treatmentc) andd): a micrometric cylinder of the same compound beford after 900°C heat
treatment. The morphology of the mesocrystal @imetl upon calcination and conversion to,Ngl

In a second step, the CPs are heated under ad0aC%nd converted to mixed Ln/Ln, Ln/Th, Ln/U
and Th/U oxides as solid solutions of controllechposition. We observed that the morphology of the
starting PCs is retained upon heating (see Figallgwing synthesis of mixed oxides with easily
tailorable morphology. It is thus possible, throwghareful choice of ligands, to transfer contnedro
the composition and morphology of coordination padys to hard inorganic materials.

1T. Demars, M. Boltoeva, N. Vigier, J. Ravaux, J. Maynadié, C. Genre, D. Meyer, « From coordination polymers to
doped Rare-Earth oxide »Eur. J. Inorg. Chem., 2012, 3875-3884



Rare-earth coordination Polymers with Controlledrpmlogy

T. Demars, J. Ravaux, R. Podor, C. Genre, D. Meyer
T. Sievers, (MPI-Potsdam - Germany)

Metal-organic coordination polymers (CPs) have bsénjected to intense scrutiny due both to the
diversity of their structures and to their hugeembiality as functional molecular materials for a
variety of applications including gas storage, s&fi@n chemistry, catalysis, drug delivery, sensors
optical and magnetic devices among others (G. Fé&agm. Soc. Rev2008 37, 191-214; b) S.
Kitagawaet al, Angew. Chem. Int. EQR004 43, 2334-2375; ¢) O. m. Yagkt al, Angew. Chem. Int.
Ed, 2008 47, 5136-5147). Coordination polymers properties banhighly dependent on crystal
morphology (O. K. Farha, A. M. Spokoyny, K. L. Moif, S. Galli, J. T. Hupp, C. Mirkingmall
2009 5, 1727-1731) and control of particle growth is #fere an important challenge for the design
of functional CP-based materials. Thus far, attenthas been primarily focused on macro-scale
crystalline samples of CPs typically obtained blysithermal or self-assembly methods. A few reports
have been devoted to the synthesis of micro- oo+séred CPs crystals of controlled size and shape,
but understanding the growth mechanism of thesectdbjremains a challenge (A) N. Stock, S.
Biswas,Chem. Rey.2012 112 933-969 ; b) A. Carné, C. Carbonell, I. Inhar, Maspoch,Chem.
Soc. Rey.2011 40, 291-305; c) A. Uemura, S. Diring, S. Furukawa, W¢hara, T. Tsuruoka, S.
Kitagawa, J. Am. Chem. Sq&011, 133 15506-15513).

We were able to synthesize well-defined homogemesocrystals of the metal-organic framework
[Nd,(DHBQ);(H,0)¢]'18H,0 by direct precipitation. Mesocrystals with cyliél, hexagonal, cubic
and truncated octahedral shape and tunable sizdeabtained easily and with good yiéldsee
pictures). Their morphology can be easily tailotiebugh control of experimental conditions such as
solvent, temperature, reactants concentration @actants addition speed.

The mesocrystals are built from aggregated nanke-scaystalline particles, which assemble
differently when the experimental conditions aredified.

Different shapes of coordination polymers obtaibgdinetic controlled synthesis.

The study of these objects provides most valuatsiglit in the understanding of mesocrystals growth
mechanisms. The influence of experimental parametech as temperature, concentration, polarity of
the solvent on the growth, nucleation and aggregaif these particles is under investigation.

1 T. Demars, F. Bonnefond, T. Sievers, J. Ravaux, C. Genre, R. Podor, D. Meyer, "MOF Mesocrystals with tunable
morphology”manuscript in preparation



Molecular Heavy Metal Matter: Photophysical propst

V. Goudy, M. Autillo, J. Maynadié, C. Genre, D. ey
M. Fontecave (College de France)

Main aims of this studies are
development a new f-element (lanthanide or act)nidentaining molecular matter

(polymetallic coordination polymer)
study of the photophysical properties, especidiigrge transfer and charge separation

Green Chemistry

the system in comparison with molecular speciesvéatid systems based on d-elements,
- potential application in RedOx catalyst

The first step of this work was to develop molecllanetallic species containing a photosensitive
element (Ru or Ir) and a f-element (Sm and U) tbtge photophysical (spectra, lifetime,...) and
electrochemical properties. Several systems cangiRu, Ru-Sm and Ru-U were synthetised and
some basic characteristics (NMR, UV-Vis, voltamnzogs,...) were collectéd These bimetallic
species are built up in order to be used as patdpisic blocks in high ordered matter. The organic
bitopic ligand developped in this frame shows adalised electronic pi-system based on nitrogen

containing aromatic rings (figure 1,2).

. Ru-TPTZ-U
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Figure 1: Bimetallic molecular photosystems contagf-elements, EPR S|5emctra of‘ﬂliu(laﬁp)z)-u

A second step will be the transposition in a 2E3Brmolecular hybrid network of the molecular build
unit previously developed (figure 2).
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Figuremé: Voltammogram of Ru(bp{tptz)-U and schematic view of
network: E-C-E is the organic unit, M the metatiement

The comparison of the photophysical properties &émel electrochemical behavior between the
molecules and the molecular network will highlighe cooperative effect when going from single
ordered system to a high ordered system. The casopawith the large work done on d-elements will
also point the f-element specific behavior in imodecular photon driven electronic-transfer between

a “photoactivator” and a lanthanide or an actinide.

1 Goudy V. « Synthése et caractérisation de composés moléculaires pour la photochimie et les transferts de
charge »- Stage Master II CSMP 2012 et Autillo M. « Activation intramoléculaire photo-induite de complexes de

métaux f par un photo-sensibilisateur » - Stage Master Il CSMP 2012.
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Fluorinated vs hydrogenated molecules: organicehasdel systems

M.C. Dul, D. Bourgeois, S. Dourdain, S. Pellet-Rosy, D. Meyer

Better understanding of how a metal ion usually swuble in an organic phase can be maintain
into by using an extractant is one of the mainlehales in the liqui-liquid separation field.
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P
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Thermodynamic consideration in a liquid-liquid ®mtand the related interactions
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Metal-Extractant interaction

One part of this challenge is to elucidate the mflehe interactions which can take place at the
molecular level, especially the relations betwedest brder interactions (such as chemical bonding o
electrostatic interactions) and low energy secaneérointeraction (H bonding, polarisation, dipole...)
In this study we focused our interest on the imgoaee of Van der Waals forces in the solubilisagbn
metal species in organic media using a comparatiudy between fluorinated and hydrogenated
amphiphilic extractants. A key point is to keep tmelecular volume and the polar part of the
extractant as much as possible unchanged. Thigisnoe importance in order to minimize the impact
of any other interactions, especially the volurmtrepic term and the coordination interactionshef t
polar part with the metal center. To reach this,ame have first developed the synthesis and
purification of several fluorinated extractantsafdide, phosphate, phosphonate...).

The short term objective is to study the differemgeorganization in the organic phase when a
flurorinated extractant is used in place of hydraged analog and correlate this structural hinth wi
the extraction behaviour (amount of extracted matal specificity of the behaviour).
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Fluorinated vs hydroganated molecular systems

Thus we are comparing the supramolecular behawbdiamide-dichloromethane-lanthanide phases
as model system, from the extraction, solubilitg atructural points of view.

First results show that the extraction behaviaeiy different: the hydrogenated system extraats th
lanthanides whereas the fluorinated system doed hetrelated structural studies (NMR, DOSY,
SAXS, SANS) are still in progress to better underdtthis difference of behavior that probably comes

from long range interactions.
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Liquid/Liquid Extraction of Palladium with diamides

R. Poirot, D. Bourgeois, D. Meyer

Extraction and separation of multivalent cationa subject of particular relevance for the retreatim
of nuclear wastes. In this frame, the EXAM process designed at the CEA to enable selecti
recovery of americium from a PUREX raffinate. Dgyithis process, Am(+lll) is separated fro
Cm(+lIl), light lanthanides (at the +lIl oxidaticstate as well) follow the Am, and heavy lanthanidg
stay in the aqueous layer with Cm. Palladium foicamericium during the whole process, althoug
its physico-chemical behaviour is anticipated@éacbmpletely different: Pd(+Il) is a cation softiean
Ln(+Il), and with a higher charge density. As atateof particular interest, palladium has already
been the subject of several L/L extraction study, rhostly devoted to hydrochloride media. We thus
decided to explore the behaviour of palladium iespnce of diamide-type extractants of interest
(DMDOHEMA, TODGA, see Fig. 1), and in nitric media.

L/L extraction of Pd with the sole DMDOHEMA malonaa was fully characterised. Comparison

with lanthanides reveals similar trends (Fig. 1)t the quantitative influence of parameters differs
between +II and +llI cations (number of diamideafigs, number of co-extracted nitrate counter-ions,
influence of H concentration).

DMDOHEMA

organic
Pd(+T) @ Am(+TI)

Extraction of Pd at [HNO ;] 3M and [DMDOHEMA] 0,6M

aqueous
4000

3500
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o 0o
CeHy7- _CeHi7 o o cooH oM 2500 >
N N
I ! /\N)J\O)LN LN/\/Nj 2000 —=s—Pd orga
NG NG coon —e—[Pd]tot- [Pd]ag
OHCgH45 1500
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Compared extraction of Pd, Nd, Eu, Dy et Yb:

0 100(/2000 3000 4000
Variable Pd Ln PdTOT
DMDOHEMA > -
S TS o re—— —
NO,- Vi > P> [Loss of Pd through precipitation of black solid at inter face ]

Figure 1: General behaviour of Pd during L/L extiian with DMDOHEMA from HN@solutions

Interestingly, diverse precipitation phenomena weghlighted during these studies: formation of Pd
black, PdO and Pd rich phases (third phase) werdemeed. On-going studies include the
complexation behaviour of Pd with diamides (XRD, IRMR), the supramolecular state of the
organic layer (SAXS, DLS), the characterizatiorRefdOx processes during extraction, the theoretical
speciation of aqueous layer (JChess modelling thighmodynamic databases), and the experimental
detection of Pd colloids at low acidities (SAXS, &L
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Uranyl interaction with bone mimics

jon

D. Bourgeois, G. Chatelain, D. Meyer
C. Vidaud (CEA-DSV Marcoule), G. Boivin (INSERMh)o
M. Denecke (KIT Karlsruhe), K. Dardenne (KIT Katke), J. Rothe (KIT Karlsruhe)
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Whatever its entry route into the body, the uramatlon (UQ%) is sent through the blood to its targe
organs: kidneys, for rapid elimination, and sketetor long term sequestration. The accumulation
uranyl in bones leads to an increased bone resarptid/or and inhibition of bone formation. To fimi
this accumulation, and favour excretion as a seludbkm, several molecules with decorporatin
properties were evaluated. But today none of tipeesents a real efficency, and the conception ks
new molecules deserves a prior understanding ofnica biochemical and cellular mechanisms
which lead to the accumulation of YOinto the skeletoh.

Bone is a mineralized composite tissue with 5-10&tew 50-70% apatite [GHPO,)s(OH),], and
20-40% organic compounds composed mainly of cafidgerotein (90%). Throughout the lifetime,
bone tissue is continuously remodeled by cyclegvaints occurring at the same sites, alternating
resorption and mineralization, mediated by ostestsland osteoblasts respectively. We recently set-
up a method to synthetize biomimetic collagen-apdtybrid materials, into which we can introduce
uranium at various levels (Fig. 1). These samplestlen used as bone cell culture support, and
analysed and compared with biological samples usar@us techniques (XRD, IR, Raman, SEM,
XANES, EXAFS, SLRT).
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Adapted from. Ann. Rev. Biochem. (2009) 78, 929-58

Figure 1: Biomimetic collagen-apatite hybrids prepd and some analytical results accounting for
the influence of uranium on these systems

The interaction between uranium and the bone mariery complex. At the sole chemical level,
several species can be obtained, and the presdéncartmnate ions in the medium adds another
complexity level. We have already established tbat levels of uranium lead to a decrease in the
mineralization efficiency, and also to a less aliste material. Speciation studies at the molacula
level are ongoing to establish the nature of ttenium species sorbed at the apatite surface. And
further studies will be devoted to the factors goireg the chemical equilibria between uranium(VI)
and these biomimetic matrixes.

1 C. Vidaud, D. Bourgeois, D. Meyer, “Bone as target organ for metals:The case of f-elements” Chem. Res.
Toxicol,, 2012, 25,1161-1175.

13



UO, and ThQ Nanocrystals

D. Hudry (JRC-ITU Karlsruhe Germany)
J. Maynadié, D. Meyer

These studies are done in the frame of the fundaiieehaviour of 5f species and are focused on thg
controlled synthesis of nanocrystals of actinidexiies. The chemical and physical properties of the
nanometric matter will then be compared with therornetric one.
A first series of sudies were done on the synthekimanoparticles on a surface by a combined
supramolecular (diblock polymer) and physical (i & plasma) approach. The objective in this new,
part is to obtain “free” nanoparticles which candasely handled after synthesis. The challengests f
to obtain the synthetic conditions to get cristalinanoparticles with a narrow size distribution an
second to avoid any agglomeration of the nanopestic

The approach developped consisted in the use mdirte(oleic acid, oleic amine, benzilic ether) and
guarternary(oleic acid, oleic amine, benzilic etlpdrosphine oxide) molecular systems with different
actinides precursors (nitrate, acetate, acetonylnate}.

Major studies were done on uranium and thorium e & mixed uranium-thorium, neptunium and
plutonium are under way.

The main results show that it is now possible
to get several kind of nanoparticles. With
uranium, these nanoparticles are usually
spherical with a diameter of around 6 nm with
more or less defined edges and with thorium,
the particles are usually rod like with a 1 nm
by 6 nm size. For both systems the
nanoparticles are cristalline and the structure
is in agreement with the cristallographic AnO
structure. With uranium, the particles can be
obtained using U(IV) or U(VI) showing that
in this case we have probably a RedOx
mechanism combined with a condensation.
For the thorium particles, the mechanism can
be roughly compared with a non hydrolytic
sol-gel condensation process. These points
needs to be cleared.

HAADF-STEM (a,b), TEM (c,f) and HR TEM (d, g) cdnium oxide (a,c,d) and thorium oxide (b,f,g).

1, Damien Hudry,et al,, "Non-aqueous Synthesis of Isotropic and Anisotropic Actinide Oxide
Nanocrystals"Chemistry - A European Journal, 18(27), 2012 pp 8283-8287
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Comparative Theoretical Study on Actinide CompleRResctivity

A. Yahia, D. Meyer
L. Maron (Université de Toulouse), O. Eisensteinigdrsité de Montpellier 2)

This work deals essentially with molecular reatyivef actinide species in order to progress in the
understanding of the specific chemical behaviouhef5f transition elements.

Methodsiandinheany/

A first part of this work is focused on a comparatitheoretical study of the reaction between
CpM(CHy), and pyridine N-oxide with M=Zr, Th and U leading ¢xo complexes. These reactions
were experimentally observed by J. Kiplinger witp,&An(CH;), complexes (An = U and ThThe
expected mechanism is an oxygen transfer from thexitle moiety to the metal but the C-H
activation route can also be considered. A firsieseof calculations on the transition state comple
shows an unfavourable electrostatic repulsion betw@e methyl groups (figure 1a), hindering the
oxygen transfer whereas the C-H activation routhésmodynamically favourable (figure 1b).

- NG+

By \05, Electrostatic |V|92
5 rep! ul\nn;/
Mex:._ Me, \

ok
M__(' / -
Cp/ ,’/Cp cp //Cp
Fig. 1: (a) Transition state for oxygen transfert b) [Transition state for C-H activation

From the metal point of view, the reaction looksdiarable for Th and U, and critical for Zr. The
simulation approach shows that the electronic lohgiation from the ligand to the metal is ten times
lower for U and Th as for Zr. This electronic efféxprobably responsible for the higher stabilsat

of the Zr complex than the Th and U homologuesifgatb a less reactivity for the Zr species.

Fig. 2: Transition state of C-H activation

The C-H activation study on lanthanide complexes gtarted in order to understand the f orbitals (4f

vs 5f) role in this kind of reactivity (figure 2). ISt results show that the La complexes are more
reactive than the Y ones.
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Castro L., Yahia A. and Maron L. Dalton, "A DFT study of the reactivity of actinidocenes (U, Np and Pu) with
pyridine and pyridine N-oxide derivatives", Trans. 39 (29), 2010, 6682-6692

Yahia A, Castro L. and Maron L. "A Theoretical Study of Uranium(IV) Bis-Methyl Complexes: Towards the
Predictive Formation of a Transient Uranium(IV) Carbene Complex", Chem-A Eur. ]., 16(19), 2010, 5564-5567.
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2 — lons at Interfaces

L’équipe est constituée au ler décembre 2012 de :
1 chercheur CEA responsable d’équipe (Dr. O. Diat),
1 chercheur CEA (Dr. P. Bauduin),

1 enseignant-chercheur ENSCM (Dr. L. Girard),

Post-doctorants
- Gaélle Martin-Gassin (DEN et CNRS, 2010-2012) :aiyique d’interfaces liquide/liquide.
- Laurence de Viguerie (DEN-ANR CATASURF, 2011-2018)m of POM-based surfactant
- Johnatan Lai (DEN-ANR CATASURF, 2011-2013): miewowlsion of POM-based
surfactant
- Sievers Torsten (LEA, 2011-12) : Extraction liqusidide.
Thésards
- Cyril Micheau (DEN, 10/2010) : Flotation ioniquensme procédé d’extraction.
- Damien Brusselle (UM2, 10/2010) : Auto-assemblagenghiphiles de type dicarbollides.
- Pierre-Marie Gassin (DEN, 10/2010): transfert péres au travers d'interfaces

liquide/liquide.

Parmi tous les phénoménes physiques et chimigassilia fabrication du combustible nucléaire et
des déchets de dissolution, a la problématiqueedérdction et la séparation des ions et de leurs
stockages dans différents types de matrices, i#issement de ces matériaux sous différents stress
chimiques ou radiatifs qui sont examinés dansdesrhtoires de I'lCSM, le groupe des "ions aux
interfaces actives" (3 chercheurs dont un ensetgrarercheur a I'ENSCM) prend plus
particuliérement en charge une recherche fondameettacernant la distribution d’espéces telles que
des ions, des molécules ou des agrégats a proxdiimitérfaces fluides d’échange et les conséquences
de cette répartition sur la réactivité de ces fatas.
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Le génie chimique lié a cette activité de sépamnaties ions en solution et développé entre autres au
CEA doit utiliser au maximum le potentiel des mi@# colloidales pour assurer une sélectivité
ionique et une séparation dans un processus cairs la dissolution du combustible nucléaire. Ces
méthodes requierent une connaissance approfondiadi®rption des ions a partir d'une solution
agqueuse vers une interface liquide-solide ou liefliguide ou encore liquide-air. Plus que les
interactions électrostatiques décrites dans uraith®LVO, la polarisabilité, les forces de dispens

le réseau des liaisons hydrogéne, la complexaboigue, les interactions entre les ions et leurs
environnement doivent étre considérés; c’est pairdes systéemes modeéles ainsi que des géométries
d’analyse sont a imaginer pour permettre de méticeent sur la physique et chimie de la spéafficit
de chaque effet.

Dans ce rapport, un premier exemple concerne d@étadé d'interface liquide/liquide par une
technique d’optique non linéaire afin de pouvoipr@hender ce qui se passe dans le nanomeétre autour
de linterface pendant un processus de transfedp#ce. Une ANR blanche « ILLA » vient d'étre
accepté autour de ce sujet permettant de réurduade I'lCSM d’autres équipes d’expérimentateurs
(LASIM/UCB/LYON + DEN/DRCP) et de théoriciens (MSMhiv Strasbourg + DEN/DRCP). Un
second exemple (thése CEA) choisi concerne le fageng'une molécule tensioactive qui se
partitionne a I'équilibre entre une phase aqueusene phase huile. C'est un sujet modele pour
essayer de comprendre la cinétique du transfee eetx milieux non miscibles en prenant en compte
une cinétique de sorbtion a l'interface. Un traiseeexemple (these universitaire) concerne l'auto-
assemblage de molécules amphiphiles (dicarboltideformes particulieres (sans queue ni téte) étant
sélective du Cs et Sr en extraction liquide/liquteir le nucléaire en formant des espéces neutres
(paires d’'ions) dans des milieux de polarité mogene quatrieme exemple choisi concerne un
procédé de séparation alternatif a la séparatgqpnde/liquide : il s’agit de la flottation ioniqu€e
sujet est abordé aussi dans le cadre d'une théspadmnariat avec le DEN/DTCD avec la
compréhension de I'équilibre effet moussant ettefie complexation ou d’interaction ionique aux
interfacex liquide/air. Une étude sur la distribatides ions proches d'une interface solide ersatili

une technique de résonnance en mode reflexionoagiurs a I'ordre du jour et est maintenu au
rythme des acceptations de propositions d'expéeersur grands instruments. Enfin un sujet de
chimie verte sur I'emploi de liquides ioniques coesolvents compatibles avec I'auto-assemblage et
I'extraction ionique est décrit dans une derniadie.
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Dynamics at interfaces

G. GassinPM. Gassin, O. Diat, S. Pellet-Rostaing, G. Ahaxt
L. Couston, P.F. Brevet E. Benichou

lon separation by transfer of phase (liquid/ligakdraction) which are the most selective are digo t
slowest. Fundamental reason comes from the statistiorganized fluids. The Brownian agitation of
the hydrated ions selected by amphiphilic extraataslecules explore the number of ways (or of try)
across the interface of both non miscible phasesiiiact to which are associated activation ensrgie
Beyond the cycle of nuclear fuel, this is also dal various fields such as enzymology or the
catalysis, the membrane permeation or the reprimgesgpolluted waters.

We have shown in our previous work how it is impattto better understand the amphiphilic
properties of the extractant molecules involvedhia liquid/liquid extraction processes. In order to
also be able to analyse the kinetics of ion tranghe dynamic of such molecules at the water oil
interface has to be probed. This is why we havesehpin complementary to techniques alread
developed in our laboratory, to develop in collation with LASIM at Lyon and the DRCP (CEA
Marcoule) a non linear optical bench. Indeed, #&sd harmonic generation is a suitable techniqueé
for probing the activity since the non linear systit®lity vanishes for isotropic media and is n@ra
at interface. Indeed solvent molecules as welluafastants may adopt a preferred orientation in the
nanometer scale layer which is difficult to analpsk has to be quantified during an ion transfer.

Uhdenstand'Separation
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Fig.1: left: Schematic view of an L/L interfacecmat by synthetic luciferin molecule and probed by
non linear optics[3]. Right: fluctuating SHG signas a function of time from LL interface and during
an extraction process of acidic molecules with nzonioles (DEHIBA).
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Surfactant transfer across a liquid/liquid integgcobed with dynamics
interfacial tension measurements

P-M GassinD. Meyer, J-F Dufreche, O. Diat

Mass transfer of solute across a liquid/liquid ifstee has great interests in many industrial preees
such as liquid/liquid extraction. Beyond the voluraed interfacial thermodynamic aspects, th
kinetics of species transfer at interfaces is agamt to understand these transfer efficienciesoAg
several approaches using model systems, we sttigketransfer of non ionic surfactants across
water/oil interface by analyzing the L/L interfaciansion. This was performed by using the pendant
drop technique, which permits to monitor the irdei&l population evolution. Typical interfacial
tension time variation are given in figurer belavglit-hand side) when a fresh droplet of surfactant

an oil phase is formed in a cell of water (left-tiaide).

Understand' Separation

Interfacial tension exhibits a steep initial desmabecause of the surfactant adsorption at the
interface, passes through a minimum and then iseeedecause of the surfactant desorption and
transfer in the other phase.
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Fig.: left - Pendant droplet technique which pesmib visualize the droplet shape and then to ektthe
averaged interfacial tension between both immisciiuids. Right - Interfacial tension evolutiorr fa fresh
droplet of surfactant at various concentrationsdiodecane (initially §=2x10* mol/L (blue square), 7.5x10
mol/L (green triangle) and 3.375xPenol/L (red circle)in a water cell.

Those studies have shown, in the case of the TH®B0 surfactant, that the interfacial tension
evolution depends strongly on the phase whereutfactant is initially present: the transfer dynami

is found to be faster when the surfactant switdh@® dodecane to water compared to the reverse
pathway from water to dodecand@o go further in the interpretation, a mixed mioth@t coupled
diffusion in the bulk phases with kinetics adsarptdesorption rate has been developed to describe
interfacial tension evolutidn
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A Theta-Shaped Amphiphilic Cobaltabisdicarbollideién

D. Brusselle P. Bauduin, O. Diat, Th. Zemb!®evost, P-Farras and FTeixidor

We know the surfactant molecules constituted wighokar head, ionic or non ionic, and with one @
more aliphatic chains; we understand their self-ag@tion properties in an aqueous or organic pha
or at the interface between non-miscible fluidsg&ised in various complex structures characteriz
by multiple symmetries and at the origin of vari@pplications, the field of the surfactant resear
still keep us some surprises owing to the weakefio competition.

Understand' Separation

In this study, the concern is about a new clasamgdhiphilic molecules from the family of carborane:
the bis-dicarbollide [Chevrot, Thesis 2008]. Théao bis-dicarbollide or COSAN [M.F.Hawthorne,
1965] is an anionic cluster of bore and carbonhlgigtable from a chemical and thermal point of
view with a cobalt cation at the centre of this ewile. This entity is hydrophobic through its two
poles with a delocalised charge in its equatotiah phat can be counterbalanced by an acidic proton
Numerous and important applications has been dpedltke the radionuclide co-extraction, organic
polymer synthesis or in medicine for radiotherapyt®inhibition action on the HIV protease [PleSek
1995; Galetta 2006; Cigler, 2005].

For all these reasons, we have started a compietiafental study of this molecule in water because
of its surprising property of self-assembly. FromNS (HZB, Berlin and SAXS(lab) experiments,
absorption spectroscopy and TEM characterizatiomawe evidenced a formation of large vesicles at
very low concentration (<5.10mol/l) and by increasing the concentration, theSB® looks like a
surfactant with a surface activity until to obseevéransition towards small micelles provided by a
strong Coulombic interaction [Bauduin 2011]. Thewrimstry of substitution on the carbon or on the
bore is rich due to the geometric distribution d@he availability of the B-H coordinant site at the
surface of the cage [Teixidor, 2009]. Exchangingr 2 Hydrogen by | or Cl respectively a gel with a
highly ordered lamellar structure can be obsenssdguSWAXS techniques and understood taken into
account strong lateral interaction within COSAN mlayers.

01 1 ofnm 1) 10 100

micelle (2nm)

Fig: left- schematic view of self-assembling of @@Smolecules either in unilamellar vesicle at véow
concentration or in small micelle at hifher conamibn, a transition that can be understood in teofmlateral
interaction energy. Right — SAXS spectra of lodeacogel at low temperature showing a lamellar suiue
with a periodicity of about 10nm.
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Carboxylate based surfactant for lon flotation

C. Micheau P. Bauduin, O. Diat, S. Faure

The process calledbn flotation allows to concentrate ions or other charged estiffom aqueous
solution within a foam that can be produced atttfpeof the solution. Foam is created by introducing
gas bubbles in the solution that contains surfactaniecules at very low concentratich@MC). The
supplementary properties of such amphiphilic spgeisi¢o be able to complex cations. Afterwards the
drainage of the foam leads to concentrate the rim@taland the surfactant. The skimming of the foam
enables ultimately to extract metal ions from tlaive solution. Moreover ion separation can be

|_Understand Separation

achieved by using selective complexing surfactaiis. obtain an efficient ion extraction, the
surfactant needs to combine good foaming and cotimgeoropertieslon flotation covers two main
application fields: recovery of valuable materialdawater decontamination. Compared to solvent
extraction, used for example in the nuclear fueycéng, ion flotation shows the main advantage of
using gas instead of an organic solvent.

In the present (PhD) study, the investigated stafads composed of an alkyl chain, ethoxy groups
keeping efficient the foaming property, even aflemplexation, and a carboxylic acid function which
acts as a complexing part when it is under itsgdhicarboxylate form.

Green Chemistry

lon flotation of multivalent cations was investigdtas a function of pH and ionic strength. Titnatio
UV-vis spectroscopy, ICP, Zeta potential, smalllangeutron scattering, conductimetry are numerous
and complementary techniques used to determinediiagelrstand the interaction of the cations with

the foam structure and more accurately with theupbkad of the surfactant. This can be compared
when amphiphiles are self-assembled into micelles dxtraction yield obtained by chemical analysis

was discussed in terms of the surfactant and capeniations.
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Fig : left — pictures of flotation column + zoom tre foam structure. Right: exemple of SANS curees foam
structure at different height within the columndufrage effect).
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Probing ion distribution at solid/liquid interfaeeth x-ray standing waves

Luc Girard, Sambhunath BetaJean Daillant, Florent Malloggt, Dmitri V. Noviko?

The interaction between electrolytes and chargeadae play a key role in many physico-chemical an
biological processes. In spite of the importancehef electrical double layer (EDL) and its study fo
more than 150 years, the knowledge of the ioniligion close to solid-liquid interface is very potd
has been limited by the lack of techniques for prglthis distribution with an accuracy of a few A.

In this study, we have employed x-ray standing waY€sW) technique to measure the EDL structur

Uhdenstand'Separation

including the location of ions as well as the igstribution along the normal direction. For genigt
long-period XSW, we used dynamical Bragg diffractimbove a Si/Mo multilayer using x-ray beam
from a synchrotron. Batterman first demonstrateat the standing wave inside the multilayer has a
period equal to the one of the multilayer and asptdepending on the incidence angle. As XSW extend
above the multilayer surface, this interferencecftan be used to locate the position of an addorb
atomic layer on the surface as well as the iormridiged in the EDL. This information is obtained by
measuring the modulation of the atom fluorescesdiha XSW antinodes shift inward by one-half of a
spacing period during an angle scan through thegdrmflection. This technique was previously
applied to different samples such as Zn ion layeiexded in a Langmuir-Blodgett multilayer above a
gold mirror surface, Zii distribution profile in an electrolyte solution @ontact with a phospholipid
charged surface above a Si/W multilayer &f,@n’* and Y** adsorbed to the rutile-water interface.

We have investigated solution of4and 1M of mono and trivalent cations Ce3dCk, KCI/CsCl,
LaCl/EuCk and LaCyGdCk, above Si/Mo multilayer substrates with 30A pericthe XSW
measurement was performed at the BW1 beamline (DE®@¥hrotron, Hamburg, Germany) and
ID10B beamline (ESRF, France) with an incident beaim8 keV with a microfluidic cell. The
reflectivity of the first order Bragg reflection @the fluorescence yields were simultaneously cxbr
The ions fluorescence angular dependence as wtikdsn distribution in the diffuse Gouy-Chapman

layer were determined from the analysis of therfisoence data using a homemade program[1] with a

few A accuracy.
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Fig.1 : Left: Intensity of fluorescence and refleity from a LaCyEuCk solution in contact with a silicon
molybdenum multilayer. Middle: Concentration of thes above the solid surface (compared to the)bRight:
The microfluidic cell used for the experiments.
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lonic liquids as an advanced solvent compatiblé wélf-assembly and
cooperative extraction processes
Thomas ZemlPierre Bauduin

Julian Eastoe (University of Bristol) and Jingchargo (University of Shandong, China),
Agnes Harrar, Oliver Zech and Werner Kunz ,

For efficient hydrometallurgic processes, amountwater co-extracted with the ions needs to |
controlled. Traditionally, « low » temperature teol salts are considered for the temperatures abs
electrochemical separation at high temperatur@yoometallurgy and concentrated solutions of ion
extractants in room temperature processes. Simcdisitovery of the existence of self-assembly, i.
thermodynamic stability and spontaneous self-askeailmicelles, reverse micelles, microemulsions
in low (i.e. -50 to 200 C) temperature ionic ligsiich large new window opens for hydrometallurg
processés it relies on new formulations of ionic liquids twi a large tempterature window,
electrochemical windowindlow miscibility with water or apolar solvents.

Middle-phase microemulsions in the system compasedationic dioctadecyldimethylammoniumj
chloride anionic sodium dodecyl sulfate (SDS), tabol, n-heptane, and brine were studied. An ion
liquid (IL), 1-butyl-3-methylimidazolium tetrafluoborate (bmimBF4), was dissolved in water as
special type of brine instead of inorganic saltsially used in microemulsion formulation.
Investigations have been made for the effects efctincentrations of bmimBF4, n-butanol and tot
surfactants (WDODMAC + WSDS) on the phase behaaiat the ultra-low interfacial tensions when
the anionic component is present in excess in #tenonic film. The ultra-low interfacial tension
measurements confirmed the formation of middle-phmgroemulsions. The results expand potential
uses of IL’'s, but also point to design of new Ikéhich may achieve super-efficient control over
interfacial and self-assembly systeins

Green Chemistry

Fig.1: FF-TEM images of microemulsion samples of
[bmim][BF4]/TX-100/cyclohexane with the molar rati¢R)
of IL/TX-100, 0.2 (top, left), 0.5 (top, right) 0l(below, left),
and 1.5 (below, right), respectively. The weightfion of
TX-100 is 0.45.

1 Werner Kunz and Thomas Zemb : (2012). "Using ionic liquids to formulate microemulsions: Current state of
affairs."” Current Opinion in Colloid & Interface Science 17(4): 205-211.

2 Agnes Harrar, Oliver Zech, Pierre Bauduin, Olivier Diat, Thomas Zemb et Werner Kunz, "[emim] [etSO4] as the
Polar Phase in Low- Temperature-Stable Microemulsions." (2011) Langmuir 27(5): 1635-1642.
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curvature" Langmuir (2009), 25(4), 2055-2059.

23



3 - lon separation using supra-molecular self-assdted colloids

L'équipe est constituée actuellement de :

1 DR CNRS responsable d’équipe (Stéphane PellabRgs3,
1 MDC UM2 (Guilhem Arrachart)

1 Ingénieur CEA/DSM (Sandrine Dourdain)

1 Technicienne CEA (Véronique Dubois)

Post-doctorants

- Raphaél Turgis (DEN, 2010-2012) : extractants djges de I'uranium.

- Stéphanie Gracia (DEN, 2011-2013) : analogues thealeé pour la séparation Am/Cm.

- Fanny Mary (DEN, 2012-2013) : Ligands sélectifs wses rares en milieu phosphorique.

- Raphaél Turgis (LABEX Chemisyst, 2013-2015) : Réage des métaux stratégiques en IL.
Thésards

- Simon Chapron (DEN, 10/2011) : analogues du TED@Asde procédé EXAm.

- Olivia Pécheur (DEN/DSM, 10/2011) : mécanismes gyigeies d’extraction de I'uranium.

- Marie Guillot (CIFRE FCBA, 02/2012) : traitement ldebiomasse en eau sous-critique.

- Romain Besnard (DSM, 10/2012) : synthese one-patatériaux extractants hybrides.

- Moussa Touré (DEN, 10/2012) : pertraction pouelgyclage de métaux stratégique.

- Donatien Gomez-Rodriguez (Carnot/Labex, collaboratiCSM/ICGM/IEM 10/2012) :

membranes organiques fonctionnalisées pour le lagycles terres rares en phase aqueuse.

07 /2012

Initiées depuis la création de linstitut, les diintes thématiques que développe I'équipe « Tri
lonique par des Systemes Moléculaires Auto-assexsbl@ TSM) s’appuient au départ sur les
compétences et le savoir-faire des chercheursamoposaient I'équipe a sa création (Thomas Zemb et
Christophe Déjugnat CR CNRS ayant muté au 01/2@i@®¢s d'une technicienne CEA (Mme Dubois,
arrivé en 2009).

L'arrivée du Dr Stéphane Pellet-Rostaing (DR CNRSytation au 01/2009) comme nouveau
responsable d’équipe, la nomination de Guilhem éraat au poste de Maitre de Conférence UM2 et
plus récemment de Sandrine Dourdain comme Ingéi&s/DSM affectés au LTSM ont permis a
I’équipe d'initier concrétement des travaux de s¥che dans le domaine de la synthése de ligands et
matériaux spécifiques pour la séparation d’ionss min ceuvre dans des procédés d’extraction
classiques (liquide/liquide, solide/liquide) ou nmmventionnels (membranes, liquides ioniques) avec
une orientation dans la compréhension des mécasiguigouvernent la séparation.

Dans les procédés associés au recyclage nucléairerp lorsqu’un ion en solution est en équilibre a
travers une interface avec une dispersion de comple en conditions d'usage, la phase aqueuse,
ainsi que la phase non-aqueuse sont des solutomdé l'idéalité. Ce sont des systémes molécidaire
organises : micelles, microémulsions, colloidesstaux liquides, que l'on peut considérer par la
thermodynamique statistique comme des « nanoplagésctives. Ces nanophases dispersées
présentent des effets coopératifs tres puissastdettifs qui sont la base des procédés de iruen
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efficaces et maitrisés. Maigia des « effets tunnel » dus aux espéces adsorb&entarfaces, ces
nanophases sont aussi a l'origine du peu d’effiéaam termes de flux massiques des méthodes de tri
ionique. Cet axe de recherche visant I'optimisaties procédés de tri ionique par I'élaboratioraet |
synthese d'extractant spécifiques originaux ainse gar I'étude des mécanismes associés qui
gouvernent la sélectivité, notamment par des phénesicoopératifs supramoléculaires, est au caeur
des missions du groupe LTSM. La possibilité d'eetalla complexation par auto-association des
complexants sous forme de micelles, fibrilles dstaux liquides, doit étre explorée, pouvant coralui

a des procédés en rupture de tri ionique qui senosuite & développer en partenariat avec les ésgjuip
actuelles de Marcoule de R/D en ingénierie chimiciiedela du domaine purement nucléaire, ces
effets sélectifs sont a étudier et & mettre en eedans différents procédés liés au recyclage de
matieres associées a la production d’énergie stgdnéralement, dans les optiques de développement
durable, par exemple en décontamination ou poredgclage sélectif des métaux stratégiques.
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Synergism by co-assembly in liquid-liquid extraaotiof uranium
from phosphoric ores
S. Dourdain, I. Hofmeister, J-F. Dufréche, R. Tar@. Pellet-Rostaing, T. Zemb

O. Pecheur, A. Leydier (CEA DRCP)
J. Jestin, F. Testard (CEA Saclay)

Exploitation of phosphate rocks, commonly usedtf@ manufacture of phosphoric acid, could be a
alternative source of uranium production. A metleded on liquid-liquid extraction has been studie
and industrially applied in the 80’s. It was baseda synergistic mixture of di (2-ethylhexyl) phbspc
acid (HDEHP) and trioctyl phosphine oxide (TOPOFacing an increasing demand in uranium, it
appears nowadays necessary to optimize this syisyesynthesizing new extracting molecules, and by
providing information on the phenomena that gothis separation system.

While applied in many extractant systems, syndwmimechanisms are not fully understood. The HDEHP
extraction factor, is for example increased by @diagreater than 50, depending on the co-extractan
chosen and on the molar ratio [HDEHP]/[co-extratjtdn Besides, the selective extraction of uranium
toward other metals is also more enhanced thamitoe expected with a molecular approach. It agpear
therefore essential to characterize at the molecaha supra-molecular scales the physico-chemical
parameters of the HDEHP/TOPO system, in order ttersiand the synergistic mechanisms.

Synergistic solvent extraction & Aggregation '\?

) 6

© . b
5: 3 ,-\5 o n, ( )
2 54

g2 E,

= 5

=1 s

£1 [©]

g <1

05 0 —— Tensmmetry 0

< 10 20 30 40 50 0 10 20 30 40 50

TOPO ratio TOPO ratio

In this field, we focused on the relationship betwéhe organization of the two extracting molecutes
supramolecular aggregates, and their extractiopepties. The synergistic ratio was found for 20% of
TOPO, which exhibit a distribution coefficient (Dalue of 15 for U, and selectivity toward Fe of abo
150. Small angle X ray scattering data showedttieae is no peculiarity in the aggregates micrastme

at the maximum of synergism. The Critical AggregatConcentration (CAC) was therefore determined
experimentally to derive the free energy of aggtieganecessary to form mixed aggregates containing
extracted ions in their polar core. It was foundttthe aggregation energy is comparable to thesfeean
free energy difference between target and nonttdoge, as deduced from the synergistic selectivity
peak (Figure a and b), showing that the synergiskitaction of uranium is related to an easier
aggregation of the two extractant molecdles.

The same approach is applied to extractant moledhket are synthesized in the laboratory in order t
optimize the extraction process. This study willoypde new understanding of the synergistic
mechanisms, and reach to a reasoned approachimvdstigation of new extractants structures.

1 F.]. Hurst, D. ]. Crouse, K. B. Brown, Ind. Eng. Chem. Process Des. Develop, 1972, 11, 12.

2 C. K. Gupta, G. Gupta, H. Singh, Uranium resource precessing, - secondary resources, Springer Berlin, 2003.

3 S. Girgin, N. Acarkan, A. Ali Sirkeci, J. Radioanal. Nucl. Chem., 2002, 251-2, 63.

4 S. Dourdain, I. Hofmeister, O. Pecheur, J-F. Dufréche, R. Turgis, A. Leydier, ]. Jestin, F. Testard, S. Pellet-Rostaing, T. Zemb,
“Synergism by Coassembly at the Origin of Ion Selectivity in Liquid-Liquid Extraction” Langmuir, 2012, 28,11319.
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Extraction of acids and water by a malonamide ial&ane:

effect of the anion on extraction and aggregatimperties

V. Dubois, S. Dourdain, S. Pellet-Rostaing, T. Zemb
C. Déjugnaf(ICSM — IMRCP Université Toulouse 3)
L. Berthon (CEA DRCP)

Chemical analysis of phases in equilibrium in a ¥dmll regime, i.e. when an acidic solution is
contact with an oil phase containing solvent, arplaphile with complexing properties, water a
extracted ions, allows to determine extractionhisons of ions as well as amount of co-extractecm
By comparing absorption isotherms of acids of Nehnrethyl-N,N’-dioctyl-2-(2(hexyloxy)ethyl)-
malonamide (DMDOHEMA) chosen as a typical oil-sdéulextractant, all other things being equal, a
strong effect of the anion position in the Hofmeisteries can be evidenced.

The size and shape of the aggregate depends dgilyslon the chaotropic/cosmotropic nature of the
anion. Interactions between polar cores as wednagunt of co-extracted water vary in large propoi
This is related to different modes of extractionagids, either as ion pairs or by protonation @& th
extractant, which implies a larger free energyransfer.
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It was also shown that the free energy of formatibrreverse micelles in the solvent phase strongly
depends on the presence of polar solutes. Fregyieseper molecule vary typically from O to 2
kT/molecule (5 kJ), depending on the kosmotropi@éttopic nature of the anion extracted as wellras o
the quantity of co-extracted water. Variationsod teverse aggregation free energy introduced lo ac
and other co-extractant as deduced from the driiggregation concentrations cannot be neglectei wh
modelling extraction. With typical aggregation nwerd of 4-6, the free energy of formation of one
reverse aggregate varies by up to 20 kJ, four tithestypical difference in free energy of one singl
cation transfer between a “target” and a non-targetin practical extraction and stripping induskri
processes.

C. Déjugnat, L. Berthon, V. Dubois, Y. Meridiano, S. Dourdain, S. Pellet-Rostaing, T. Zemb, “Extraction of acids and water
by a malonamide in an alkane: effect of the anion”, to be submitted in Langmuir.

C. Déjugnat, S. Dourdain, V. Dubois, L. Berthon, S. Pellet-Rostaing, ].-F. Dufréche, T. Zemb, “Reverse aggregates
nucleation induced by acids in liquid-liquid extraction processes”, to be submitted in Langmuir.
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Weak adsorption of salts and oil-water solubilifamce of peptides: Is the
concept of molecular intrinsic hydrophilicity sedénsistent?

T. Zemb, J-F. Dufréche
C. Déjugnaf(ICSM — IMRCP Université Toulouse 3)

We show that an amphiphilic hexapeptide has beed as a model to study how specific ion effects
tune the hydrophilic/hydrophobic balance and indplbase diagram modifications. N-merisation of {
peptide has been studied in water and octanol #saw/és water/octanol partition: role of H-bonaisd

adsorbed ions are evidenced. In the presenceafdiges, competitive interactions are involvedattle

for hydration water” makes the peptide more hydoipitdue to salt addition in the water phase, wise
charging via chaotropic ion adsorption can incrdasirophilicity. These interactions also strondffeet

phase separation upon heating (cloud point). Thedfeets can be rationalized considering the s
decorated peptide as a van der Waals fluid. Welakadaorption is the motor of oil-water buoyanay,
the thermodynamic approach of “hydrophilicity”, g®posed by Charles Tanford as a concept base
observed free energy of transfer and hence reladlility in the form of monomers.

Increasing further the salt concentration inducgghase separation by coacervation. This coacerva
can be modelled as due to dispersion force, pigrtialenched by adsorption of ionic species. Thegnd
associated to adsorption of chaotropic ions is omealsand compared to the buoyancy effect. Thetrg
questions the concept of intrinsic hydrophilicityhich should be dependent of the nature of the
dissolved in the water, i.e. the nature of the féxtif

In summary, the weak interaction responsible df @dsorption leads to charges of the order of are p

peptide and energy associated is of the same tirdewater-solvent transfer of this type of amphiph
peptide considered as a bio-inspired "extractant"
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Figure 1:Figure: The apparent Hamaker A/KT constant drivioggards coacervation decreases with temperature;
due to weak adsorption of salt. The “neutral” s@talways salting-in, while specific ion adsorptidasorption
induces partial quenching of the attraction duestectrostatic repulsion: Hydrophilicity of this hepetide is in this
“buffer” dependant.

1C. Déjugnat, J-F. Dufréche, T. Zemb "lon-specific weak adsorption of salts and water/octanol transfer free energy of
a model amphiphilic hexapeptide.” Phys. Chem. Chem. Phys., 2011, 13(15): 6883-6893.
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Instabilities in liquid/liquid extraction: a colldal approach

T. Zemb, P. Bauduin
F. Testard (LIONS- Saclay), L. Berthon (CEA DRCP)
W. Kunz (Regensburg), C. Larpent (Université desafbes), B. Demé (ILL-Grenoble)

The interaction potential between reverse aggregatponsible for liquid-liquid extraction can be
measured via the structure factor since 1998 apdrpgublished by Testard and Belloni. This has1beq
recognized in all laboratories working in the wodihce then. It allows to predict location in phase
diagram of the location of the two phase-three phie® boundary. This instabilitie is mainly of diigl-

gas type induced by a short range potential, scesgpn of boundaries have analytical expressibmes.
van der Waals attraction depends on the voluméefpblar core of aggregates while the Hamacker
constant depends probably on the polarisibilityhaf core containing extracted ion pairs as wek@s
extracted acid. A review off all available papersliding some predictive modelling in phase behavio
has been writtén>Q

In this domain, most of engineering literature refe® HLB or HLD concept, while physical chemistry
including statistics of fluid phases at finite teangiure refer to spontaneous curvature or packing.
Equivalence between this tow approaches s welimagle analytic expression in case of non-ionics is
proposed. Comparing the three ways of characterizing "sposbus" lateral packing of amphiphiles are
equiv.: the spontaneous curvature, the mol. packiagmeter, and the refined hydrophilic-lipophilic
balance known as HLD (hydrophilic-lipophilic dev@t). Recognition of this equivalence, with its
underlying hypothesis of incompressible fluid withvest surface energy, reinforces the single pateme
bending energy expression implicit in the classpagers by Ninham and Israelachvili, as well ashal
predictive models of solubilization developed at ye

At that occasion, it has been noticed that two sypiereverse aggregates with a limited amount tdrpo
phase of micelles exist. Indeed, three length schde/e to be considered to describe microemulsions:
persistence length and spontaneous radius of euwevaf the surfactant film as intensive variablad a
ratio of volume fraction to available surface, atensive variable linked to sizes and topologies tan

be built without tearing the surfactant film. Weosh here that at least four types of bicontinuous
microstructures have been detected so far, and bmandistinguished by a simple experimental
determination of the evolution of scattering peakition versus dilutioh Another criteria for detecting
"rigid" films different from the more studied an@stribed flexible surfactant monolayers is a peculi
behaviour of conductivity versus volume fractionvediter, a non-monotonic behaviour, alias an anti-
percolation. On the scale of each aggregate, a/potapolar interface can be consistently defined a
measured. Therefore, the adsorption isotherm ara&ed ions can now be measured. This is the route
towards parameter-free predictive modelling ofiligliquid extraction’

1 F. Testard, T. Zemb, P. Bauduin, L. Berthon, “Third-phase formation in liquid/liquid extraction: a colloidal
approach” lon Exchange and Solvent Extraction 2010, 19, 381.

2 W. Kunz, F. Testard, T. Zemb, “Correspondence between Curvature, Packing Parameter, and Hydrophilic-
Lipophilic Deviation Scales around the Phase-Inversion Temperature” Langmuir 2009, 25(1), 112.

3T. Zemb, “Flexibility, persistence length and bicontinuous microstructures in microemulsions” C. R. Chim., 2009, 12(1-2),
218.

4F. Testard, L. Berthon, T. Zemb, “Liquid-liquid extraction: An adsorption isotherm at divided interface?” C. R.Chim.,
2007,10(10-11), 1034.
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Fig.1: Constant surfactant cut in the ternary phassm: oil-water-surfactant at different balanceswater and oil
content. Low water-content reverse aggregates assiple without co-surfactant, however with a laditdomain
available for extraction. Phase sequence and eidardemonstrates that this type of microemulsiaogieriyg to the
class of rigid surfactant film, with a bending ctars larger than ki°

An example of rigid film appears if one examinesi&éey solutions of oil/water and di-block molecules
associating a chelating group and a non-ionic stafd. The possibility of making single phase stabl
microemulsions in a defined temperature and conagom range has been demonstrated on this system.
The concentration is limited by the presence of e, gontaining a lyotropic liquid crystals.
Microstructure, phase sequence as well as limigedje all show that spontaneous curvature decrease
with temperature is quenched by the presence ohdysas a grafted complexing group. The
microemulsions formed are made with a rigid oil-evahterface. Liquid-liquid extraction processeshwi
this type of surfactant are possible, but will riegyresence of at least a fourth component.

5S. Nave, F. Testard, H. Coulombeau, K. Baczko, C. Larpent, T. Zemb, “Ternary phase diagrams of a thermoreversible
chelating nonionic surfactant” Phys. Chem. Chem. Phys., 2009, 11(15), 2700.
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Separation of lanthanides(lll) by inorganic naricdion membranes using a water
soluble complexing agent

J. Borrini, S. Pellet-Rostaing,
G. Bernier (CEA DRCP)
A. Favre-Réguillon, M. Lemaire (Université Clauderiard Lyon 1)

First separation of Ln(lll) using inorganic nant@tion membrane has been achieved. Ln(lll) iores a
strongly repelled by the ZgXiO, membrané.When diethylenetriaminepentaacetic acid (DTPA)sed
as water soluble complexing agent, the complexesdd with Ln(lll), surprisingly passes through the
membrane. The stability constant of DTPA with’Eg higher than the one with £'aThus [EUDTPA}

Optimize Separation

complex is formed at lower pH than [LaDTPAand so these two elements can be separated. With a
equimolar mixture of Eli and L&', a L&"/EU** separation factor of 2.5 is obtained at pH 1.hebt
polyaminocarboxylic acids have been used such a$AEBnd HEDTA and similar phenomenon
occurred. The best BHEW*" separation factor has been also evaluated withiGy Manofiltration
membrane and results are comparable.
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Fig. 1: Principle of ion separation with an inorgannanofiltration membrane by complexation with thrganic
ligand DTPA and rejection of Bliand L&" by the membrane with HEDTA ligand versus pH.[L& [Eu®"] =
2.5 x 10 molL’* ; [HEDTA] = Y[Ln* =5 x 10* molL* (black curve: separation factor versus pH)

Using organic membranes, the rejection of Ln(lfitreases as the charge of the complex incrédses
whereas for inorganic membranes, rejection of Ln@lecreases when increasing the charge of the
complex. Thus, these results, obtained with indganembranes, demonstrated the potential of
membrane process for the An(lll)/Ln(lll) separatimd give rise to hew possibilities for the sepamat

of metal ion using enhanced permeability througbrganic membrane assisted by a water soluble
complexing agent.

1]. Borrini, G. Bernier, S. Pellet-Rostaing, A. Favre-Réguillon, M. Lemaire, “Separation of lanthanides (III) by inorganic
nanofiltration membranes using a water soluble complexing agent” J. Membrane Sci. 2010, 348, 41.

2 A. Favre-Réguillon, A. Sorin, S. Pellet-Rostaing, G. Bernier, M. Lemaire, C. R. Chim. 2007, 10, 994

3 A. Sorin, A. Favre-Réguillon, S. Pellet-Rostaing, M. Sbai, A. Szymczyk, P. Fivet, M. Lemaire, J. Membr. Sci. 2005, 267, 41.
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Actinides (lll) / Lanthanides (I1l) separation bamofiltration assisted by

complexation and liquid/liquid extraction

J. Borrini, S. Gracia, G. Arrachart, S. Pellet-Raisig
G. Bernier, C. Hill (CEA DRCP)
M. Lemaire, A. Favre-Réguillon (Université Clauderard Lyon 1)

In France, one of the research trend concerningréipeocessing of spent nuclear fuel consists i
separating selectively the very radiotoxic elementth a long life by recycling them (Pu) or by
transmuting them (Am, Cm, Np). The aim of this wavreis to find a new way to separate actinides (llI
from lanthanides (lll). This new method consistxirelating selectively actinides (111) with an onja

Optimize Separation

ligands first and them filtering it on a nanomenm@aBecause of its weight the complex can not go
through the membrane but the free lanthanides ¢dl. The complex goes to the retentate and the
lanthanide to the permeate. Thanks to this strateggre able to separate these two kinds of iorsash
difficult to separate because of their similarityie originality of this project was that ligands/e&o be
hydrophilic.

The first part of this work was focused on the bgsts of these ligands by introducing hydrophilic
functions such as carboxylic acids, amides, ureahals, etc.

The second part of the project was to test these ligands on nanofiltration membrane in order to
separate lanthanides first. These tests have tadadcout in Lyon in non-radioactive media in artie

get the good conditions. Both organic and inorgaméenbrane have been tested in order to compare thei
separation capacity. Organic membraaee able to separate americium (Ill) from lantdas{lll) but
they can not resist to high radioactivity. For tmsason we choose to replace them by ceramic
nanofiltration membranes more suitable for theselitmns.

The third part was to compare results obtained Wjtirophilic ligands in nanofiltration and in liglsi
liquid extraction. It will offer a comparison beterm these two methods of separation. In the licujoid
extraction system we need an organic agent abkxtiact selectively lanthanides (lIl) in the organi
phase which is the TPH (a mixture of branched ameat G, alkyl chains) or dodecane. Hydrophilic
ligands will extract selectively americium (lll) the aqueous phase. Very promising results, FS Am/E
300-700 and FS Am/Cm = 3-4, have been obtainediguidiliquid extraction with water soluble
ethylenediamine derivativieln order to improve the solubility and selectivitf such ligands a recent
study has been initiatédocused on the synthesis of new ligands and tireracterization in regards to
the actinides (Ill) / lanthanides (l1l) separation

Liquid-liquid extraction Mancfiltration
TPH Parmaata
Eufractai L

i SO | Membrane | |
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Principe of the comparison between nanofiltratiovdad.iquid-liquid extraction.

1A. Sorin “Séparation actinides(III) / lanthanides(III) par nanofiltration assistée par complexation” - 2006, thése
de I'Université Lyon1.

2X. Heres, F. Burdet, ]. Borrini, M.-T. Duchesne, M. Mazzanti, G. Bernier, S. Pellet-Rostaing, A. Favre-Reguillon, M. Lemaire,
“Process for separating americium from other metallic elements present in an acidic aqueous or organic phase
and applications thereof’ 2010, W0201269573 - FR2968014.

3S. Gracia (DEN, 2011-2013) : “Analogues du h4tpaen pour la séparation Am/Cm” collaboration M. Mirguiditchian, C.
Marie (CEA/DRCP/LEPS).

32



Liquid-liquid cation extraction without solvent

T.Zemb
F. Testard, S. Prévost, S. Nave (LIONS-Saclay),
K. Baszko, C. Coulombeau, C. Larpent (Universit& disailles)

Chantal Larpent and co-workers have shown ten yagosthat efficient solvent-free extraction can b¢
obtained with complexing molecules of a genrallafstri-block molecules composed of one hyrophobi
chain, one complexing group with "recognition” ftinnality as well as as temperature sensitive no
ionic head. This type of molecule presents a clpoitht two phase region where liquid-gas phas

Optimize Separation

separtion occuts The concentrted phase made of anismetric micellEsvs efficient extraction-
desextraction withoit solvent. Surprisingly, prasegorks best when comlexing group is in between the
temperature sensitive head and the apolar chains

Extremely efficient selectivitiées for uranium big type of molecule have been evidenced. A dralwbac
hindering up to now applications in hte domaimo€lear interest is the variation of the cloud peiith
external constraints, such as the variable amafmntadiolized compelxing surfactant. However, ayéar
domain gf stable reverse micelles, with and withagn has been detected in the phase diagram
structure
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(A) Principle of Thermo- and salt- regulated urasgbparation (a) and surfactant recovery (b).
(B) Relative variation of the cloud point temperatuersus U/surfactant molar ratio in the coaceevatots for two
temperature sensitive extractant molecules.

1 C. Larpent, S. Prevost, L. Berthon, T. Zemb, F. Testard, “Nonionic metal-chelating surfactants mediated solvent-free
thermo-induced separation of uranyl” New J. Chem., 2007, 31(8), 1424.

2 S. Prevost, H. Coulombeau, K. Baczko, L. Berthon, N. Zorz, H. Desvaux, F. Testard, T. Zemb, C. Larpent, “Thermo-
responsive metal-chelating surfactants: properties and use in cloud point extraction of uranyl nitrate” Tenside
Surfact. Det., 2009, 46(2), 100.

3 S. Nave, F. Testard, H. Coulombeau, K. Baczko, C. Larpent, T. Zemb, “Ternary phase diagrams of a thermoreversible
chelating non-ionic surfactant” Phys. Chem. Chem. Phys., 2009, 11(15), 2700.
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The supra-molecular mechanisms at the origin oetrnaction processes in
hydrometallurgy

tion!

-1
cl

T. Zemb, S.Dourdain, V. Dubois, S. Pellet-Rostaing
L. Berthon, Y. Meridiano, P. Guilbaud (DEN/DRCP-Maule)

We study liquid-liquid extraction at supramolecugard colloidla scale, considering the pseudo-tgr
phase diagramm ol-water-extrcatant with all iorpeaes as perturbationSombined SAXS/SANS and
osmometry allows to determine microstrutures fatnmethe solvent while analysis for ions and wate
coexisting phases in equilibrium allow to determiore adsorption isotherms, considering the wateisp
as a "reservoir". Water is always co-extractedhwitmplexing agent as well as with the extracted
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Figure 1: Simultaneous determination of ion pera&stiant in the organic phase and cation molaritythie aqueous
phase. This type of plot allows to determine freergy of transfer from water to solvent phase agldte this to the
volume and curvature of the reverse aggregate ctiimidal aggregate involved in the separation pes. When
dilution is such that these aggregates are not &miniree energy of extraction decreases by an aofleragnitude:
specific ion extraction is a property emerging fronganization of amphiphilic extractant molecules.

The volume of co-extracted water participates ®itistability leading to the transition from twogse to
three phases, and the corresponding change in siigcobserved in pulsed coluninsFacing an
increasing demand in uranium, it appears nowadagessary to optimize this system by synthesizing
new extracting agents, and by providing the undedihg of the selective transport phenomena that
govern this separation systém.

We have measured for the first time to our knowdedg well the interface lateral extension than the
curvature variation associated to the ion extracind shown that first term is of the order of Sidi/
pair while the second is one order of magnitudeetdw

1 L. Berthon, F. Testard, L. Martinet, T. Zemb, C. Madic, “Influence of the extracted solute on the aggregation of
malonamide extractant in organic phases: Consequences for phase stability” C. R. Chim., 2010, 13(10), 1326.

2 L. Berthon, F. Testard, L. Martinet, P. Bauduin, T. Zemb, C. Madic, “Aggregation in organic extractant phases:
Consequences on the third phase formation in liquid-liquid processes” Abstracts of Papers, 239th ACS National
Meeting, San Francisco, CA, United States, March 21-25, 2010.

3'Y. Meridiano, L. Berthon, X. Crozes, C. Sorel, P. Dannus, M. R. Antonio, R. Chiarizia, T. Zemb, “Aggregation in Organic
Solutions of Malonamides: Consequences for Water Extraction” Solvent Extraction and lon Exchange 2009, 27(5-6),
607.
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The volume and polarisability of the polar coreltbfiom the extracted ion pair, as well as co-eotied
water and nitric acid is also the dominant terrthim attractive interaction between reverse aggesgat

This latter term can be tuned by matching chaigtles and solvent composition, hence the "wettirfg" o
reverse aggregates by the solvent dsed.

Figure 2: molecular model of a loose un-organizéd aggregate (right) and a more organized revexggregate
(left), when a more compact micellar core of pataaterials (ions, water and complexing oxygen abocan be
distinguished: Neutron scattering and X-ray scattgrin so-called “wide angle” region of Small angseattering
distinguish these tow states, who differ by a Bemergy of the order of a few kT, i.e. the ordemafgnitude in
driving force used in industrial liquid-liquid extction. The grey shaded area is the region of presef CH2, the
red region the one of oxygen atoms and the blueeffects the presence of water molecules.

4 L. Berthon, Y. Meridiano, S. Lagrave, X. Crozes, C. Sorel, N. Zorz, F. Testard, T. Zemb, “Aggregation of organic extractant
phases: consequences on extraction properties” Solvent Extraction: Fundamentals to Industrial Applications,
Proceedings of ISEC 2008 International Solvent Extraction Conference, Tucson, AZ, United States, Sept. 15-19, 2008, 2
1017.
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Self-assembly of amphiphilic peptides for ion sepian

O. Diat, T. Zemb
C. Déjugnat(ICSM — IMRCP Université Toulouse 3)

Current processes for spent fuel treatment aredb@s¢he separation of radioactive metals ionsdwid-
liquid extraction using extractants such as trilpitgsphate or some diamides in the DIAMEX process
Recently these molecules have been shown to ggiae in reverse micelles that are supposed ogpla
key role in the separation process. Still theneagredictive model to link the efficiency of antrectant

Understand' Separation

with its molecular structure and its self-organi@atproperties; however such a model is absolute
needed for the understanding and the developmergwimethods required in future nuclear projects.

Based on these considerations and in a bio-ins@ipgdoach, we develop and study the self-assemb
properties and separation efficiency of new ampghipgpeptides. The choice of such compounds he
been motivated by several complementary aspect, Beptides can be easily synthesized with a hug
structural diversity (defined by the aminoacid sstpe and composition). Then, depending on the
aminoacid composition they are also able to reaegm@ind selectively bind metal ions. Being eithe
intrinsically amphiphilic or after hydrophobizatidipopetides) they can also self-assemble formin
various aggregates (micelles, vesicles, fibers Myreover, it has been recently shown that som
hydrophobic peptidic sequences in viral fusogermiatgins easily dissolve in a lipid bilayer forming
cylindrical reverse micelles by co-organizationhwtihe phospholipids.

Optimize Separation

On tie-lines between water-rich and alkane-richutsmhs, we show via scattering experiments that the
natural lipopeptide surfactin self-assembles ieatiand reverse micelles in equilibrium. Elongat&dct
micelles in the aqueous phase are present togsttresmall reverse globular aggregates. Theserlate
made from hydrated surfactant without any "watestpdn the organic phase. The obtained biphasic
system is used for liquid-liquid extraction of mbdeetal cations. It is efficient with iron and uram but

not with copper or neodymium. Competitive extracti@how high selectivity towards iron
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Surfactine molecule that allows metal selectiveaexion in biphasic system.

1 C. Déjugnat, O. Diat, T. Zemb “Surfacting Self-Assembles into Direct and Reverse Aggregates in Equilibrium and
Performs selective Metal Cation Extraction.“, ChemPhysChem, 2011 12(11): 2138-2144
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Sequestering agents for uranyl decorporation

S. Pellet-Rostaing, G. Arrachart, R. Turgis

A. Leydier (CEA DRCP)
Y. Lin, A. Favre-Reguillon, M. Lemaire (Université&aude Bernard Lyon 1)
D. LecercléF. Taran (CEA Saclay)

At each step of the fuel cycle: extraction, congaiun, purification, enrichment or recycling, werk
can be subjected to uranium contamination. Accaleinternal contamination by inhalation or through
skin lesions is the major risk for workers, whetheute and/or repeated.

The hexavalent uranyl ion (U8}, U(VI)) was found to be the most stable formvivo and is complexed
in the blood by chelating agents such as proteinsadoonates. Inside the body, uranium creates ris

Optimize Separation

both as a toxic heavy metal and as radioactive nmaate the case of chronic exposition.

After contamination it is rapidly transferred thgiuthe blood stream to deep organs, such as kidiral/s
bones that assimilate it strongly. To avoid theféects, heavy metals must be eliminated from théybo
by administrating non toxic chelating agents.

Most efficient uranophile chelating functions arexygen-containing ligands like multidentate
sulfocatecholamides (CAMS), hydroxylpyridones (HOPO), carbamoylmethylphosphine oxide
(CMPO)? calixarene derivativesor bisphosphonate sequestering agents.

Recently, we focused our attention on the preparaif new chelating agents based on EDTA and DTPA
skeletons as potential sequestering agents foyluchelation.

In order to increase the affinity regarding uraioyl, we designed and synthesized a series of neadifi
water-soluble EDTA and DTPA using various substitutamine$. A series of 16 ligands were
synthesized and their binding abilities towardsniuna were investigated using UV spectrophotometry
(competitive uranium binding with sulfochloropherdBCP) in aqueous media under physiological pH
(close to neutral) as well as under acidic andcbesnditions. In regard to decorporation appliaaithe
best uranophile ligand was found to be the EDTA-CRAMwvhich exhibits significant association
constants under the range of pH studied. Furthestigation before a possible evaluation of thewivo
efficiency will be necessary.
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1 A. Leydier, D. Lecerclé, S. Pellet-Rostaing, A. Favre-Réguillon, F. Taran, M. Lemaire, Tetrahedron 2008, 64, 6662.

2 A. Leydier, D. Lecerclé, S. Pellet-Rostaing, A. Favre-Réguillon, F. Taran, M. Lemaire, Tetrahedron Lett. 2011, 52, 3973.

3 F. Sansone, M. Galletta, E. Macerata, E. Trivellone, M. Giola, R. Ungaro, V. B6hmer, A. Casnati, M. Mariani, Radiochim. Acta
2008, 96, 235.

4 A. Leydier, D. Lecerclé, S. Pellet-Rostaing, A. Favre-Reguillon, F. Taran, M. Lemaire, Tetrahedron 2008, 64, 11319.

5 M. Sawicki, D. Lecerclé, G. Grillon, B. Le Gall, A.-L. Sérandour, J.-L. Poncy, T. Bailly, R. Burgada, M. Lecouvey, V. Challeix, A.
Leydier, S. Pellet-Rostaing, E. Ansoborlo, F. Taran, Eur. J. Med. Chem. 2008, 43, 27683.

6 A. Leydier, Y. Lin, G. Arrachart, R. Turgis, D. Lecerclé, A. Favre-Réguillon, F. Taran, M. Lemaire, S. Pellet-Rostaing, “EDTA
and DTPA modified ligands as sequestring agents for uranyl decorporation” Tetrahedron 2012, 68, 1163.
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Development of a methodology for the synthesisytirial silica with high
extractant capacity

R. Besnard, G. Arrachart, J. Cambedouzou, A. Greandj S. Pellet-Rostaing

The sol-gel process is a convenient method forpifeparation of hybrid organic-inorganic materials
which are widely used in many applications inclgdsolid-liquid extraction.

The ability to control the structure of the matksian the nanoscale is of great interest for ttegteand
the improvement of material properties. In thisdfjautilization of surfactant as external struabgriagent
represents a way to form periodic mesoporous hyhaterials.

Incorporation of organic components within an irng silica framework is available from three
pathways: Grafting, Co-condensation and Periodisdgerous Organosilicas (PMOSs).

In the context of solid-phase extractants, the miggdly functionalized silica should have a higmsligy

of functional groups with a satisfying homogenedtyd accessibility. These requirements are usual
difficult obtained with conventional approacheseTdim of this work was to develop a suitable “aH-i
one” approach using condensable surfactant precwisioer for preparation of hybrid materials or
functionalization of the channel walls of mesoparailica. These surfactant molecules exhibit twg
different polar head connected together througing hydrocarbon chain:

- a polar head formed from chelating groups in ptdeestablish the complexation of specific targe
species. Based on a recent feasibility study caeduia the laboratofy we focused our choice to simple
groups such as carboxylate or IDA (iminodiaceticipc

- a second polar head shaped on condensable SifQRjtionalities in order to generate the silica
network after sol-gel process.
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The project aims at the study of phenomena th&iénte the self-associative properties of ampliiphil
molecules in the controlled preparation of mesopsmaterials and nanoparticles with specific cirejat
properties. The self-assembly is considered depgndin the hydrophilic-hydrophobic balance of
condensable surfactants, depending on the volurésein polar heads / the nature of the hydrophilic
chelating site, the nature of the solvents anduieeof co-surfactant ...

This “self process” ensures both the placemertheffunctional groups in the hybrid silica, anddtong

the mesopores wall surface, as well as optimabtitise templaté.

With the support of LDD and LNER laboratories, tiderstanding of physico-chemical phenomena that
govern the supramolecular organization of conddassabrfactants and the properties of the resulting
hybrid materials will be the focus of the projéct.

1S. Sene, “Synthése de systémes chélatants de type acide iminodiacétique pour la préparation de précurseurs
silylés” Stage Master I CSMP Montpellier 2010.

S. Sene, “Amphiphiles silylés pour la préparation de matériaux hybrides” Stage Master II CSMP Montpellier 2011.
2 R. Besnard, “Etude des propriétés auto-associatives de tensioactifs bifonctionnels utilisés pour la synthése one pot de
silices extractantes” Stage Master II CSM Rennes 2012.
3 R. Besnard, “Développement d’'une méthodologie de synthése de silices hybrides a haute capacité extractante”
These CEA/DSM 2012-2015.
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Catanionic aggregates with surface charge contréjemole ratio of co-
crystallizing amphiphiles

T.Zemb
B. Abécassis, F. Testard (LIONS-Saclay)

Self-assembly of anionic and cationic amphiphiles, catanionic colloids and polymers imon-
stoechiometriaatios has been proven to be a general route ttupeonot only new materials , but only

Understand' Separation

surface with surface charge derpending on mole,ratid not on pH of the aqueous solvent used. Dhe 2

distribution of charges has been established foffitat time by combined WAXS-WANS measuremen
of diffuse scattering of these 2D crystalThe analogy between anti-ferro-magnetism and gehar
distribution in the plane of contact with water Hae=en demonstrated. In-plane segregation is coupl
with chemical potential of monomers, as measurecny of the mixed systémiThe 2D crystals are very
stiff®, and this has allowed to identify a new route fiooducing salt-resilient Pickering emulsions of}
teetradecane in water, stabilized by stacks ohaatéc nanodiscs (figuré)

Green Chemistry

Among various synthesis procedures for nanopastiC! e
the use of so-cailed “reverse micelles” is an difec LA
route for yielding a wide range of nanoparticles f
different chemical nature, size and shape. Theriooe
of the reverse micelles acts as a nano-reactorttzd |§
nanoparticles are obtained by mixing twg
microemulsions  containing  reacting  precurso
Catanionic formulations of microemulsions involv g
surface networks of alternated positive and negatj§
charges and produce the most rigid surfactant nageol
films known. Spherical gold nanoparticles ar
synthesized in worm-like catanionic reverse micelle
situ time resolved SAXS measurements show that
microstructure of the microemulsion is conservedriu
the whole reaction. The liquid-liquid phase trdositof
the catanionic microemulsion induced by a gen
cooling is used to recover and purify the nanoplegiin
a simple manner, by using a large domain of tiedim
the ternary phase diagram to concentrate
nanoparticles while washing away the surfacte®®
involved.

1D. Carriere, L. Belloni, M. Dubois, T. Zemb “In-plane distribution in mixtures of cationic and anionic surfactants”
Soft Matter 2009 5(24), 4983-4990.

2'Y. Michina, D. Carriere, T. Charpentier, R. Brito, E.F. Marques, J-P. Douliez, T. Zemb “Absence of Lateral Phase
Segregation in Fatty Acid-Based Catanionic Mixtures” J. Phys.Chem. B 2010,114(5), 1932-1938.

3'Y. Michina, D. Carriere, C. Mariet, M. Moskura, P. Berthault, L. Belloni, T. Zemb “Ripening of Catanionic Aggregates
upon Dialysis” Langmuir 2009, 25(2), 698-706.

4N. Schelero, A. Stocco, H. Moehwald, T. Zemb “Pickering emulsions stabilized by stacked catanionic micro-crystals
controlled by charge regulation” Soft Matter 2011, 7(22), 10694-10700.

5 B. Abecassis, F. Testard, T. Zemb, “Gold nanoparticle synthesis in worm-like catanionic micelles: microstructure
conservation and temperature induced recovery” Soft Matter 2009, 5(5), 974-978.
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4 - Sonochemistry in Complex Fluids

Serqguei Nikitenko (CNRS)

Rachel Pflieger (CEA/DEN)
Tony Chave (CNRS)
Matthieu Virot (CEA/DEN depuis avril 2012)

Nathalie Navarro (thésarde, CEA/DEN/DRCP/AREVA SNOQ

Camille Cau (thésarde, codirection ICGM/CMOS — IC2MR NEQSON)
Xavier Beaudoux (thésard, codirection CEA/DEN/DRCBM)

Abdoul Aziz Ndiaye (post doc ANR NEQSON)

Vincent Morosini (post doc CEA/DEN)
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Domaines de recherches

(i) Sonoluminescence dans les fluides complexes

(i) Cavitation a l'interface solide-liquide

(iii) Synthese sonochimique de nanocatalyseureraicatalyse
(iv) Sonochimie des actinides

Projets (partenaires)

ANR-2010-BLAN-0810 NEQSON "Sonochimie en conditidrgs équilibre” (ICG/CMOS,
CEA/DEN)

Dissolution sonochimique des oxydes d’actinidesACEN, AREVA)

Dégradation sonochimique des composés organiques/BEN, AREVA)

Sonochimie d’'uranium (AREVA)

Colloides de plutonium(lV) (NEEDS, CEA/DEN)

Sonoluminescence dans les fluides complexes (LGBMAMbEry)
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Study of the nonequilibrium plasma formed duringagdonic cavitation in water

A.A. Ndiaye, R. Pflieger, B. Siboulet, J. MolinaFJDufréche, and S.I. Nikitenko

Sonoluminescence is the emission of UV-visibletliglygered by the violent collapse of microbubbles
generated in liquids submitted to ultrasonic iraaidn. This violent collapse leads indeed to ex&e
conditions in the bubbles (T>5000 K) which are soeirce for the sonochemical reactions, in particulg
through the formation of radicals (e.g. H° and H®@°water). Hence, a better understanding of th
conditions reached in the bubbles would allow atingpation of the sonochemical reactions. Thes
conditions are probed by measuring the sonolumares spectrum by means of a spectrograph coupl
to a CCD camera.

and nhechy/

d

Methods]

The sonoluminescence (SL) spectra of OH(A excited state produced during the sonolysis dewa
sparged with argon were measured and analyzediatigsailtrasonic frequencies (20, 204, 362, 604, an
1057 kHz) in order to determine the intrabubble ditons created by multibubble cavitatibrithe
relative populations of the OH {&") v’ = 1-4 vibrational states as well as the vibroaioperatures (Tv,
Te) have been calculated after deconvolution ofhepectra. The results of this study provide ewit

for nonequilibrium plasma formation during sonodysif water in the presence of argon. At low
ultrasonic frequency (20 kHz), a weakly excitedspta with Brau vibrational distribution is formede(*

0.7 eV and Tv ~ 5000 K). By contrast, at high fregey ultrasound, the plasma inside the collapsing
bubbles exhibits Treanor behavior typical for streibrational excitation. The Te and Tv values @age
with ultrasonic frequency, reaching Te ~ 1 eV and~1800 K at 1057 kHz.
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Figure  1: Relative  vibrational  population
distribution of the OH(A™") state as a function of
vibrational  energy  for different  ultrasonic
frequencies.

1 Ndiaye, Abdoul Aziz; Pflieger, Rachel; Siboulet, Bertrand; Molina, John; Dufreche, Jean-Francois; Nikitenko, Sergey I,
“Nonequilibrium Vibrational Excitation of OH Radicals Generated During Multibubble Cavitation in Water” in
Journal of Physical Chemistry A (2012), 116(20), 4860-4867

41



Single-bubble sonoluminescence studies: line eamsand similarities with
multibubble sonoluminescence

J. Schneider, R.. Pflieger, S. I. Nikitenko
D. Shchukin, H. M6hwald (MPIKG-Potsdam, Germany)

A single-bubble sonoluminescence (SBSL) reactor degeloped as a model system for standa
multibubble (MB) sonochemical reactors since theglei-bubble is free of interaction with other
cavitation bubbles. Echanisms leading to MBSL and SBSL were long camsidl as different since
MBSL spectra exhibit characteristic atomic and roolar emission lines on top of a broad continuu

whereas measured SBSL spectra were consistingaleacontinuun.New perspectives to study SBSL

were opened by the recent works of Youagd Liand who determined the experimental conditions
necessary to observe line emission in SBSL.
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This work consists of spectroscopic studies of SBSL in watet aqueous sodium chloride solutions
with defined concentrations of argon. The broaddbaontinuum ranging from 200-700 nm is
characterised by fits using Planck’s law of bladkpoadiation. The obtained blackbody temperatures a
in the range of 10K and reveal to be independent from the preseficgald and from the acoustic
pressure whereas the SL intensity is increasingentman 10-fold within the studied acoustic pressure
range. The different trends followed by SL inteysind blackbody temperatures question the blackbody
model.

In solutions with 70 mbar of argon line emissiofgxcited OH radicals and Na are observed. The shape
of the excited OHradical emission spectrum is very similar to thatiBSL spectra indicating the strong
similarity of intra-bubble conditions of SBSL andB¥L under certain experimental conditions. Increase
of the acoustic pressure causes the continuum eédapvthe lines until they become indistinguishable
This is explained by non-radiative deactivatioreg€ited OH and Na with increasing acoustic pressure
arising from quenching by hot particles issued f@plasma core.

1 Matula, T. J.; Roy, R. A;; Mourad, P. D. Phys. Rev. Lett. 1995, 75, 2602.

2Young, J. B,; Nelson, J. A;; Kang, W. Phys. Rev. Lett. 2001, 86, 2673.

3 Liang, Y.; Chen, W. Z; Xu, X. H.; Xu, J. F. Chin. Sci. Bull. 2007, 52, 3313.

4]. Schneider, R. Pflieger, S.I. Nikitenko, D. Shchukin, H. Méhwald, “Line emission of sodium and hydroxyl radicals in
single-bubble sonoluminescence spectra”, J. Phys. Chem.A, 2011, 115, 136-140.
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Excitation of chemical species in solutions byadtsund

R. Pflieger, J. Ravaux, and S.I. Nikitenko.
N. Barré, P. Moisy, J. Schneider, D. Shchukin, ihivald
IPNO, Orsay BP1-9140 France, CEA/DEN/MAR/DRCP MaltedP 17171 France,
MPI-KG Potsdam Germany

Power ultrasound has shown to be effective foitinexcitation of volatile and non-volatile specias
solutions in many cases. The observed effectsearerglly attributed to acoustic cavitation whicths
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nucleation, growth, and rapid implosive collapseapor filled micro-bubbles during the ultrasonic
irradiation of a liquid medium. However the meclsam{s) of excitation and the corresponding optimal
experimental conditions remain largely unclear.

Bubble collapses in liquids produce chemicallyatpecies (excited species and radicals such & OH
as well as sonoluminescence (SL, emission of figimh the core of collapsing bubbles). Some spenies
solution may be excited directly by in situ proddiggotons (SL), others by collisions with hot speci
from the collapsing bubbles, others by the produeeddtals (e.g. OH®). However, particular quenching
conditions also exist under ultrasound, by soncdytproducts and by collisions with hot speciethat
bubble interface. We showed that under proper tiomdi, the uranyl ion can be excited by SL and
exhibits ultrabright sonoluminescence even in inetht diluted solutionst Besides, we determined, in

the framework of the LEA SONO (collaboration witHPMPotsdam), the conditions in which luminol can
be excited (sonochemiluminescence) by OH° radimalduced by a single cavitation bubble.

517 nm
144  OH(A’E)

496 nm| | 540 nm

H,PO, 0.5M

SL intensity, A.U.

UO0,” 0.05M in H,PO, 0.5M

250 300 350 400 450 500 550 600
A, nm

Figure 1: Photograph of 0.031M U8 sonoluminescence in 0.5MPD, at 203kHz under argon flow, LP = 63W,
T = 10°C, exposure time 30 sec, and sonoluminescgpectra of 0.5M #0, and 0.05M UG in 0.5M HPO, at
203kHz, LP = 61W, T = 10°C, Ar.

1 Pflieger, Rachel; Cousin, Virginie; Barré, Nicole; Moisy, Philippe; and Nikitenko, Sergey 1., “Sonoluminescence of
Uranyl Ions in Aqueous Solutions” in Chemistry - a European Journal (2012), 18(2), 410-414

2 Brotchie, Adam; Schneider, Julia; Pflieger, Rachel; Shchukin, Dmitry; Moehwald, Helmuth, “Sonochemiluminescence
from a Single Cavitation Bubble in Water”, in Chemistry-a European Journal (2012), 18(36),11201-11204
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Mechanisms and applications of sonochemical redtf noble metals

T. Chave, N.M. Navarro and S.I. Nikitenko
S. Nitsche (CiNAM, Marseille), A. Ayral (IEM, Moatier), P. Lacroix-Desmazes (ICG-Montpellier)

Noble metal nanoparticles have been widely studsgecially for their unique size-dependent progsrti
Several metal have drawn the attention like goldlagium or platinum which can be found in many
applications such as catalytic converters or intlsprocesses. Platinum nanoparticles (NPs) can I
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prepared by Pt or Pt reduction with a large array of synthesis routeshie presence of templates,
stabilizers, or surfactants. However, surfactamtarophiphilic polymers adsorbed at the surface BEN
would modify their catalytic activity.

Initially focused on platinum, we reported the desof a synthetic route for monodispersed NPs e pu
water without any templates or capping agents usiiigsonic irradiation at 20 kHz This study
provided new insights on the sonochemical reductibRt’ at low ultrasonic frequency in pure water
and under Ar/CO atmosphere but also in presencérmhic acid under Ar. The obtained results
confirmed that even in pure water the reductioRtabns can be triggered by in situ formed hydrogen
the reaction remains incomplete even after sevemats due to the steady formation of oxidizing &pec
under ultrasonic irradiation namely OH radicals &31@, accumulated in solution. Addition of only 10%
of CO in the gas phase leads to an effective sgavgrof OH° radicals and also contributes to thedi
reduction of Pt ions. Similar results can be oladiim presence of 3M HCOOH. Carbon monoxide or
formic acid ability to reduce platinum ions at rod@mperature iS - .
enhanced due to the local heating in the liquidl sherounding
the bubble during its collapse. In these conditiotise
sonochemical reduction at room temperature couldblmerved ';i_
within few hours and lead to the formation of mitaPt particles |
within the range of few nanometers (Fig. 1a). Triscedure can “_
be applied in various media and is also compatiite a large |~
array of experimental conditions. In fact the defpo$ platinum 10 _
nanoparticles was achieved on several supports ascmetal "=
oxides (TiQ, CeQ_) but also on thermal sensitive materials like
polystyrene beads (Fig. 1b). Pt catalyst activitgpared under
ultrasonic irradiation was accessed with oxalid agradation in
nitric media and show similar to better activityngwared to
catalysts made by incipient wetness impregnatiaim \Widrogen
reduction in temperature. Finally, homogenoeoupatson of Pt
nanoparticles on different supports can be obtaineg
sonochemical synthesis under Ar/CO atmosphere tervead can
be of great importance to avoid subsequent agmyatiocesses
and possible loss of catalytic activity.

Figure 2: TEM pictures of Pt NF
obtained in pure water under Ar/(C
atmosfmere and 20 kHz ultrasor
irradiation in homogenous media |
and deposited on polystyrene partic
(B: scale bar is 50 nm).

1 Chave, Tony; Navarro, Nathalie M.; Nitsche, Serge; Nikitenko, Sergey I.; “Mechanism of PtV Sonochemical Reduction
in Formic Acid Media and Pure Water” in Chemistry - A European Journal (2012), 18, 3879-3885.
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Catalytic dissolution of ceria under mild conditson

M. Virot, T. Chave, D. Horlait, N. Clavier, N. Daginx, J. Ravaux, S. I. Nikitenko

The dissolution of ceria is studied through a ggitakeduction process involving platinum nanopaets
in mild conditions at near ambient temperature. deposition of platinum nanoparticles is made b
sonication (Ar, 18 W.cifi 20 kHz), and further dissolution is studied aduaction of different
parameters such as stirring, sonication, dissaluti@dia, and temperature. The dissolution is etedua
using UV-Vis spectrophotometry, ICP-AES, and SEMieTquantitative dissolution of ceria can be

performed in HNO3 - HCOOH - [Ms][NO;], [HNO3] - [N,Hs][NOs] or H,SO, - HCOOH mixtures at
40°C. Nevertheless, it is shown that the combingsl af ultrasound with nitric media in the preseote
platinum nanoparticles can lead to passivating pirema resulting in a decrease of the dissolutiten ra

Catalytic dissolution of CegPt material offers a simple and non-expensiveer¢atseparate cerium and
platinum potentially suitable for catalysts recggli Furthermore, the observed phenomenon can havd
significant impact on the chemical durability ofrieebased catalysts involved in catalytic ang
sonocatalytic wet air oxidation processes of orgguullutants in solutions. Finally, the dissolutioh
Ce(Q is often considered as a model system for theldissn of refractory Pu@which is an important
process in the manufacturing of nuclear materials.
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Fig. 1. Kinetics of Ce@Pt catalytic dissolution (40°C, Ar, Fig. 2. SEM images of CeOpowder after
SBET = 54 rig™Y) under ultrasound or mechanical stirring catalytic dissolution at 40°C. Platinum is
(after reduction of Pt(IV) with ultrasound at 18 W) in observed as bright white globular aggregates,

H,SO, - HCOOH mixture. Insert shows the evolution of the checked with X-EDS.
UV-VIS spectra for the treated solution which cepends

to Pt(IV) reduction (~260 nm) and Ce(lll) accumuatiin

solution (~255 nm).

M. Virot, T. Chave, D. Horlait, N. Clavier, N. Dacheux, J. Ravaux, S. I. Nikitenko.; "Catalytic dissolution of ceria under
mild conditions" In ]. Mat. Chem. 2012, 22, 14734-14740.
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Unexpected effect of ultrasonic frequency on thelmaism of formic acid

sonolysis

N. Navarrg T. Chave, S.I. Nikitenko
P. Pochon, I. Bisel (DRCP Marcoule)

Over the last decade, considerable interest has &q@essed in the application of advanced oxidatic
processes (AOP) to destroy hazardous organic congsom industrial waste streams. Among differen
techniques (catalytic wet air oxidation, Fenton gess, photocatalytic oxidation, ozonation) the
sonochemical oxidation is considered as a promisiayg for the degradation of such kinds of pollusant

Green Chemistry

The kinetics and mechanism of formic acid sonochahilegradation has been studied at 20, 200 and

607 kHz ultrasonic frequencies under argon atmagphe20°C. Total yield of HCOOH sonochemical
degradation increases in approximately 6-8 timeenme frequency increases from 20 to 200 or 6C
kHz. At low ultrasonic frequency HCOOH degradatisrattributed to the oxidation with Oladicals
issued from water sonolysis and to the HCOOH denafhtion occurred at the cavitation bubble-liquid}
interface. At high-frequency ultrasound sonochemiocgaction is also influenced by HCOOH
dehydration. Whatever the ultrasonic frequencypbais of HCOOH yields KHand CQin the gas phase
as well as the trace amounts of oxalic acid anth&tdehyde in the liquid phase, whereas CO ang Ck
were only detected at high-frequency ultrasounce Tiost striking difference between low-frequency
and high-frequency ultrasound is that the sonolg§isiCOOH at high ultrasonic frequencies initiates
Fischer-Tropsh hydrogenation of carbon monoxide.

Optimize Separation

HCOOH CO,+H,
‘OH . Fig. 1: Mechanism of HCOOH sonochemical
degradation.
CO+H,0 3 HoouR 9
HCOOH on Mo, o,

Sonochemically driven Fischer-Tropsch hydrogenatimn CO causes formation of methane and
formaldehyde as by-products of HCOOH degradatiomalfy, we found the catalytic decomposition of
sonochemically formed 40, on the surface of titanium particles originateshirthe cavitation erosion of
the ultrasonic probe at low-frequency ultrasourtdsTinding is important for proper interpretatiohthe
sonochemical experiments.

Navarro N., Chave T., Pochon P., Bisel I, Nikitenko S.I. “Effect of ultrasonic frequency on the mechanism of formic acid
sonolysis”, ]. Phys. Chem. B, 2011, 115, 2024-2029
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Sonoluminescence of Tbh(lll) at the extended sofjd#l interface

M. Virot, R. Pflieger, J. Ravaux, and S.l. Nikitenk

For the first time, acoustic cavitation was used asurce of excitation for photoactive speciesaiord

in an extended solid phase. Spectroscopic measatemgerformed during the sonication of
(CeyoThy ))PO, sintered pellets with 20 kHz power ultrasound aoled water under argon showed the
Th(lll) light emission resulting frorﬁD4—7F,- f—f transitions. The emission spectra were measasea
function of the focus within the cavitation zons,afunction of the distance between the pellettard

Understand' Separation

ultrasonic horn, or using sonoluminescence quesclar ortert-butanol). Bubbling of air into the
sonicated water presaturated with argon resulessdramatic decrease of SL including OH* and Th(lll)
Once argon is totally replaced with air, the Sln@ more observable. Although SL disappears in the
presence of air, acoustic cavitation at the surfadmown to still occur. Hence, this experimenports
the idea that Tb(lll) emission is induced by songhescence. When compared with the sonicationeof th
pellet in argon saturated water, the addition &fNd.tert-butanol decreases dramatically the SL intensity.
In addition, OH* emission, as well as Tb(lll) linealmost completely vanishes. By contrast, new
particular features appear and stand at 431, 489, &nd 550-563 nm. These lines are attributetido t
transitions ('fil'[g—a?‘l'[u of the excited € molecules, also called Swan bands. The largeisiedse peak at
431 nm was assigned to a combinatiomof= +2 of the dlly—a’lT, Swan transition and to the’A-XI1
transition of CH. The formation of £species in the sonochemical reactions is atteithuid the pyrolysis

of organic molecules or to their reactions with @&tlicals inside the cavitation bubbles. Even éf tibtal

SL is decreased, the presence of Swan bands emissmur system univocally indicates that acoustic
cavitation still occur in the presence tdrt-butanol. Since Tb(lll) lines disappear while adaus
cavitation still operates, this experiment defilyiteonfirms the sonophotoexcitation origin of TIbYIl
emission.
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Matthieu Virot, Rachel Pflieger, Johann Ravaux, Sergey 1. Nikitenko, “Sonoluminescence of Tb(III) at the Extended
Solid-Liquid Interface” . Phys. Chem. C 2011, 115,10752-10756.
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5 — Nanomaterials for Energy and Recycling processe

L’équipe est constituée de :
- 1 chercheur CEA responsable d’équipe (Dr. A.n@jzan),
- 2 chercheurs CEA (Dr. X. Deschanel et Dr. J.95a)
- 1 enseignant-chercheur ENSCM (Dr. G. Toquer)
-1 IE de 'UM2 (C. Rey)
- 5 doctorants (C. Delchet, S. El Mourabit, A. @bta A. Gossard, M. Coulibaly)
- 2 doctorants en co-tutelle (A. Saravia (CAD/DEC) Lavaud (MAR/DTCD))
- 2 post-doctorants (M. Moloney et A. Tokarev)
- 1 apprenti ingénieur (A. Bex)

Les recherches développées par cette équipe onbesfruites dans le cadre décrit a la création de
'ICSM, a partir de la grande diversité d’horizahiexpérience et d’expertise de ses membres qui ont
tous fait une mutation thématique en arrivant altARN Ce relatif « foisonnement » nécessaire du
début a permis de faire émerger des axes de réehpropres au laboratoire. Ainsi, au cours de la
période 2010-2012, I'équipe a recentré ses thémegige recherche pour une meilleure visibilité. Le
nom de I'équipe a alors été modifié (LNER) pouritesompte de cette évolution. Durant cette
période, nous avons également recruté en CDI Gyrieey (ingénieur d’étude, UM2), et Jérémy
Causse (CEA/DEN) est arrivé en mutation en remphece de Frédéric Goettmann parti au CEA
Marcoule favorisant ainsi une forte collaboratiove@ le département de Traitement et
Conditionnement des Déchets.

Durant cette période (2010-2012), I'équipe a acamnp la soutenance de 3 théses: Bernard Smutek
(« Organic reactions of alcohols under hydrothercmhditions », co-tutelle avec l'université de
Regensburg), Aurélie Merceille (cotutelle avec CBRALCD, « Etude d’échangeurs d’ions minéraux
pour la décontamination liquide en strontium »), €arole Delchet (cotutelle avec
UM2/ICGM/CMOS, « Matériaux hybrides pour I'extramti sélective du Césium »).

Le laboratoire développe plusieurs compétencestifaigies, techniques et d’enseignement pour
répondre aux défis posés par la recherche surrlesgiés dé-carbonées. Le fil conducteur de
'ensemble des thématiques de recherche du LNERe eitveloppement de matériaux structurés a
différentes échelles du point de vue de la compréiba des phénomenes mis en jeu lors des
différentes étapes d’'élaboration, complété paudiétdes propriétés d'intérét de ces matériaux.iAins
le couple « maitrise et compréhension de I'élabmmat’'un matériau mésostructuré — propriétés
physico-chimiques » définit I'ensemble des rechescdéveloppées au LNER, a la fois dans un
objectif cognitif mais également dans un objectiplécatif, en lien avec les diverses collaborations
industrielles (et/ou CEA) existantes ou a venir.
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L’ensemble des études menées au sein de cetteeérjuiperne les composites présentant plusieurs
structures, de nature (porosités, phase hybridegles, carbures..), de taille (nano, méso et/ou
micro), et de forme (ordonnée ou amorphe) contsdleprésentant une ou plusieurs fonctionnalité
(chimie séparative, propriétés optiques renforcéesyporation d’éléments actinides...). Par ce type
de structure hiérarchique, les propriétés physiqgiissuration, tenue a l'irradiation, propriétés
optiques), mais aussi chimiques (extraction, ladidin) de ces matériaux présentent des performances
hautement non linéaires par rapport a celles déérimax massifs, rendant ainsi possible le modelage
de ces propriétés en fonctions des applicationbasties. Dans tous les cas, pour concevoir ces
matériaux, nous nous efforcons d'utiliser les a¢@s de la chimie « douce » (sol-gel, colloidale,
émulsion, hydrothermale,...) afin d’obtenir des t&détés lentes et contrélées permettant alors une
caractérisation précise et parfois « in situ »différentes étapes réactionnelles et donc une ened!
maitrise du matériau final.

Les thématiques principales développées au LNER Bapériode 2010-2012 sont résumeées dans les
pages suivantes et peuvent s’'inscrire dans learlgrthemes suivants:

- Le développement de différentes voies d'élaboratien matériaux nanostructurés : du
précurseur (colloide, solution, émulsion...) au matéfpoudre, couche mince ou massif) ;

- Physico-chimie des suspensions colloidales : pktgwide la suspension et mécanismes mis
en jeu lors de la mise en forme (électrophoresatjrag, transition sol-gel) ;

- Propriétés extractives des matériaux fonctionnalisu macroscopique (courbe de percée,
procédé continu) au nanoscopique (& I'échelleadrictant « hybride - solide »).

- Etude de Iimpact d’'un stress physique (irradiatioompaction) ou chimique (milieu tres
acide ou trés basique) sur la structure hiérarehijun matériau.
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Mesoporous materials in the field of nuclear indust

J. Causse, F. Goettmann, X. Deschanels, C. Reyoguer, A. Grandjean

In a context of increasing global energy demarsdeiated with high prices for classical fossil &iahd raising
concerns about CCGemissions, nuclear power is attracting a renewsstést. Despite the recent accident in the
Fukushima power plant, numerous countries maintainy ambitious nuclear programms. The Generation |
international forurh(an initiative launched by the US Department oéfy in 2000 to coordinate and promote
efforts to design the next generation of nucleawgroplants) supports works to develop new powentpla
designs and innovative concepts in the nucleardyele. These new concepts aim at achieving hitgwals of

security and resource efficiency as well as a highsistance towards nuclear proliferation. Becaafsthis

blossoming of new ideas, mesoporous materials, lwhie already widely found in applications such a

Understand Separation

catalysis, sensing and optics, are expected to naieway in the field of nuclear power productidsp to
now, some (hybrid) mesoporous solids have alre@dy investigated as solid ligands to remove aamahd

fission product contaminants from liquid effluenttsit also as model materials to investigate ramtiatiefects,
as possible nuclear waste disposal form and adifumat materials to be placed in or close to newnfo of
nuclear waste matrices [1].

Our own group has been working on some of theesearch, but also to evidence that there stilaaty
above mentioned applications for the last four gear of work to be done.
and we are convinced that there are great
potentialities for mesoporous solids in many nuclea Networkprecusor ¢ Nanopatick o g jonto e exracted
fields: A€ fomton L Network o or

() In separation chemistry for actinide extrantio S

Optimize Separaticn

or for the development of selective sorbents and/or A 8
getters. Desirable improvements in this field dre t
enhancement of the chemical stability of both the Synthesis of the Inorganic oo
mesopores [2] and the grafted functions (espedially e / *

very aggressive acid media) and the design [3-4] of S ——
tailored macrostructures for the materials (to bie a i O o s O o O
to really employ these hybrid materials in daily o e

processes or to make them fit (0 eXiStiNG rumova ofthe tempiate
experimental set-ups);
(i) In waste management for the confinement of (Funciionaiisaion]
mobile or volatile radioactive species inside the
porosity of such materials (using soft treatment to
close the porosity). Here again, the development of
suited macrostructures is required. Extaction
(i) In the design of new fuel forms, which can
accommodate gaseous fission product and sustain the
important associated pressure increases;
(iv) In the study of irradiation defect using
mesoporous solids as model materials. Here, th8&chematic view of the three main ways to accesstiémal
development of analytcal techmigues suted tosscharus aeres A e sl e sep v e
characterize the ma_‘te”_als after irradiation tests to_ together at th% begiFr)ming of the synthesis. Way th?multi sFt)ep
be undertaken (taking into account that for prattic process in which the mesoporous inorganic matriprisformed
reasons the amount of tested material is often vergnd a post functionalisation s done after wars. el way (C) is
low). less common _and is a variation of the one pot apgino Here
This team aimed at highlighting the great interst ”me;m?(rfo g}gﬁ;f':r: iﬁ[ﬁn;dc‘;ﬁg fﬁ)négﬁnsamﬁi of rtresoporous
the use of mesoporous solids in the field of nuclea

1 Philippe Makowski, Xavier Deschanels, Agnés Grandjean, Daniel Meyer, Guillaume Toquer, Frédéric Goettmann,
“Mesoporous materials in the field of nuclear industry”, New Journal of Chemistry, 2012, 36, 531-541.

2 S. El Mourabit, M. Guillot, G. Toquer, ]J. Cambedouzou, F. Goettmann and A. Grandjean, “Stability of mesoporous
silica under acidic conditions “, RSC Advances, 2012, 2 (99), 10916-10924.

3 A. Grandjean, G. Toquer, Th. Zemb, “Wall thickness prediction in precipitated precursors of mesoporous
materials”, Journal of Physical Chemistry C, 115 (2011), 11525-11532.

4 G. Toquer, C. Delchet, M. Nemec, A. Grandjean, “Effect of leaching concentration and time on the morphology
of pores in porous glasses”, Journal of non crystalline solids, 357 (2011) 1552-1557.
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Molecular force balance allows the prediction oflw@ckness of mesoporous
materials

A. Grandjean, G. Toquer, Th. Zemb

Since the discovery of mesoporous materials usinglla templates two decades ago, the boomi
of this field has been impressive. This kind ofthgsis has been developed for diverse applicatio
as catalysis, sensing, separation and much kirakides (silica, titania, zirconia). This syntheisis

based on the layout of semi-rigid cylinders of aat@nt in a water-phase solution. These se
assembled surfactant acts as template during thgetoprocess which occurs in the space lef
between the cylinders. Next, the wet dispersiomprefcursor material in the surfactant solution i
aged, washed and finally calcined to remove theplai®. The control of surfactant geometrical
parameters during the inorganic polymerisation icipadirectly the properties of the final

mesoporous materials. For example, the diametegnoplating cylinder controls the final pore size.
Nevertheless, in spite of several experiment attentp control wall thickness, any clear and
unquestionable explanation is not yet availablethis way, we develop a simple analytical model
which predicts variations of wall thickness througkperimental conditions. This model is free
parameter and is in great agreement with experahelatta available from the literature for the case
of hexagonal array of cylindrical pores. The mod®hcept consists of three main uncoupled driving
forces : repulsive electrostatic, repulsive hydmatind attractive Van der Waals. By adding all ¢hes
supramolecular interactions and searching a minimaonpotential, this latter gives then the

equilibrium distance value between surfactant cdmand consequently an expected wall thickness.

The confrontation of our model with experimentaiedia illustrated here by several examples in order
to better understand the wall thickness variatigth the experimental process. This simple analitica
model based on molecular force balance proposes dxglains qualitatively and quantitatively in
some simple cases, the wall thickness of silicathasesoporous materials obtained via the sol-gel
route.
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A typical example of a force balance calculation Wall thickness measurement versus wall
with the dominant interactions: Hydration, Van thickness expected from force molecular
des Waals and Electrostatic. The equilibrium balance by using several experimental data
interaxial distance is given by the minimum

value of sum of the 3 forces.

A. Grandjean, G. Toquer, Th Zemb, “Molecular force balance allows prediction of wall thickness in precipitated
precursors of mesoporous materials”, Journal of Physical Chemistry, C, 115 (2011), 11525 - 11532.
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Elaboration and partitioning chemistry properti€functionalized mesoporous

materials

J. Causse, G. Toquer, C. Rey, H. Kaper, F. Goettm@nDelchet, S. EI Mourabit, A. Merceille,
A. Tokarev, M. Moloney, A. Grandjean

Mesoporous materials are promising materials fopliegtions in the field of ion separation,
environmental remediation, or even metallurgicalppges. Thus far, numerous hybrid mesoporoy

Understand' Separation

solids have been investigated as “solid ligandattigularly for extracting heavy metal cations fron
waste fluxes. For example concerning the extraasfomranium (or rare earth metals) from new ores,

less concentrated, feed stocks, we studied thefusesoporous silica or carbon functionalised witt
specific ligand.

We have also proposed functionalised mesoporous
materials for decontamination processes (ruthehium

or for cesium®). Indeed, numerous processes from

nuclear facilities (fuel processing, power plants,

laboratories, remediation or removal and others)
generate important volumes of radioactive effluents
which should be treated in order to minimize their

impact on environment. Among those, radioactive

Optimize' Separaticn

cesium and strontium isotopes are ones of the most
abundant fission products of uranium and have to be
removed. Recently we have proposed a new approaw
to an efficient and selective extraction of "Gens . ,
from pure water, or saline water enriched witfCs"

by using porous silica- or glass-based nanoconmgmosit
containing Prussian blue type nanoparticles,
Me®"/[Fe(CN)6f" (Me = Co, Cu or Ni) covalently
linked and homogeneously distributed into the matri
pores.

The Kkinetics of cesium sorption is faster and theptson capacities per gram of metal
hexacyanoferrate are higher in the case of the awemnposites compared to the bulk Prussian blue
analogues. This fact may be attributed to the Bigtface area of the Prussian blue nanoparticléeein
case of nanocomposites. Moreover the nanocompusiterials also present a high selectivity té Cs
comparable to the bulk materials even in the prasehnhigh concentration of sodium in saline water.
In case of strontium removal, sodium nonatitanate layered material that contains exchangeable
sodium ions between layers- and Zeolite A - an alosilicate structure also with exchangeable
sodium ions -are known to selectively trap stramtions*®. We have compared these two materials
and shown that sodium nonatitanate has good deuoraton properties for solutions with low
calcium content and is only slightly affected by thresence of sodium. Conversely, zeolite is not
affected by the presence of calcium, but its sorpproperties decrease in solutions with a high
sodium content. We have also proposed the usedvefl material: a macroporous zeolite A monolith
for efficient removal of S ions from salty aqueous solutions in continuowsvflprocess. This
monolith shows high efficiency and selectivity fitre in-flow treatment of radioactive water and
possesses a decontamination capacity higher inaosop to batch processes

We have therefore shown the great potential of o materials for applications in separation
chemistry. Thus, we are developing recently mulisgorous monoliths from emulsion templates (as
shown in the sketch below), with macro- and mesuogity. This synthesis route is very interesting.
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For instance, the sharp control of the shearing irsemulsification process allows to tune the sike
macroporosity. Moreover, the understanding of tleemanisms involved in the synthesis allows us to
consider the incorporation of selective extractgatganic or inorganic) within the porosity of tlees
monoliths. The location of the active function dege on the chosen synthesis route. It could bereith
within the mesoporosity or the macroporosity. Thadtek is especially fitted for inorganic
functionnalization. This point is currently undéndy and is a prospect for this project.

EXD

Emulsion templated silica monoliths from various@tation scales

1 A. Tokarev, A. Grandjean, Y. Guari, ]. Larionova, R. Pflieger, C. Guérin, Journal of Nuclear Materials, 400 (2010) 25-31.
2 C. Delchet, A. Tokarev, X. Dumail, G. Toquer, Y. Barré, Y. Guari, Ch. Guérin, J. Larionova, A. Grandjean, “Extraction of
radioactive cesium using innovative functionalized porous materials” RSC Advances, 2 (2012),5707-5716.

3 A. Grandjean, ]J. Larionova, Y. Guari, Y. Barré, « Matériau solide nanocomposite a base d'hexa et
d'octacyanomatallates, son procédé de preparation et procédé de fixation de polluants minéraux le mettant
en ceuvre.» FD11351. N° d’enregistrement FR 09/53379. Numéro de publication FR 2945756.

4 A. Merceille, E. Weinzaepfel, Y. Barre, A. Grandjean, “Effect of the synthesis temperature of sodium nonatitanate
on batch Kinetics of strontium-ion adsorption from aqueous solution”, Adsorption, (2011) 17,967-975.

5 Aurélie Merceille, Evelyne Weinzaepfel, Yves Barré, Agnes Grandjean, (2011); “The sorption behaviour of
synthetic sodium nonatitanate and zeolite A for removing radioactive strontium from aqueous wastes”,
Separation and Purification Technology, 96 (2012), 81-88.

6 A. Sachse, A. Merceille, Y. Barré, A. Grandjean, F. Fajula and A. Galarneau, “Macroporous LTA-monoliths for in-flow
removal of radioactive strontium from aqueous effluents: Application to the case of Fukushima” - Microporous
and Mesoporous Materials”, 164 (2012) 251-258.
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Colloidal Physical chemistry
Application to nanoparticle electrophoretic depasitand nanostructured materials as simulating
nuclear fuel

[/

)
g

A. Charlot, X. Deschanels, A. Gossard, A. Grandj&nroquer

i

and

a

This theme deals with controlled destabilizationder external or inherent forces) of initial stable
colloidal dispersion towards the formation of naneastured material associated with specific
properties. In this way, two different main studiee currently in progress: The first one is foclse
stable charged ceramic nanoparticle dispersion lwisicelectrodeposited on substrate with tunable
thickness. The final aim is to obtain a nanostnextufilm for controlled reflectance properties as a
simulating selective optical material. The second concerns the oxide mixtures (of nuclear int¢rest
based on colloidal sol-gel transition. We focus enprrecisely on the kinetic condensation of collbida
oxide mixtures into gel to understand and predieirtgel point. Afterwards, these systems will be
transposed to nanocasting step by templating lirstiable colloidal dispersion in order to obtain
nanostructured hybrid materials as simulating rardigel.

Methods]

Nanoparticle electrophoretic deposition

Electrophoretic deposition (EPD) has been an diteadechnique to obtain uniform films of high
thickness (several microns) on large surface avbatsates. In particular, it has been shown th& EP
is an important tool for the fabrication of widenge of materials [1]. Nanoparticle electrophoretic
deposition (NEPD) method is developed here to wstded the mechanisms and the kinetic rate
deposition of thin film (several nanometres) based ceramic nanoparticles (SIOZrO,, SiC,
TiO,...). The coating on the electrode surface is baseith® migration of charged particles in a polar
medium under an electric field (see figure a). T$tisp implies necessary some physical-chemical
conditions in order to reach both an efficient glgghoretic mobility (high Zeta potential) and a
monodisperse system (studied by SAXS or DLS). Nartapes at the viscinity of the working
electrode are expected to be sufficiently fixed tuattractive Van der Waals interactions. Further,
nanoparticles coagulate and the rate of depositibiich depends mainly of the nanoparticle
concentration, deposition time and electric fieldhgmitude, is studiedn situ by quartz crystal
microbalance. During NEPD, the electric field sg#mis the driven force promoting particle packing,
affecting thereby the film density and the finalckmess. Note that the drying process at post-
deposition seems also to be a crucial step forfitlmeadhesion behaviour. The composition of the
films as well as the amount of the deposited maltenie analysed by X-film software from MEB
measurements. Selective optical properties areysatl by coupling these latters with Fourier
transform Vis-IR spectroscopy measurements.

POTENTIOSTAT
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Figure a: three electrodes device for Figure b: SiO2 nanoparticles electrodeposited
nanoelectrophoretic deposition on Pt substrate.
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Nanostructured materials as simulating nuclear fuel

The technology process of nuclear fuel U-Pu (MOpelyor transmutation target is currently based on
oxide powders converted into green pellets and thersintering them in reductive area at high
temperature (1700°C) into pellets. Initially, on@ayamo obtain at the micrometric scale some mixed
oxide is to grind together uranium oxide (ky@nd plutonium oxide (Puppowders before to press
into pellets (dry mixing process). A second wayttee molecular scale (co-precipitation process)
consists of the conversion of uranyl nitrate angtglium nitrate (in nitric acid) mixture by basedan
thermal treatment into a composite dioxide powddre major drawback is the powder radioactive
dust formation during all these processes. Consglyug¢hrough these processes, the transmutation
target material or advanced nuclear fuel having higlioactive actinide elements suctias, **Am,
24229%¢m cannot be then considered. Thereby, an innayatay is to explore a powder free synthesis
of oxide mixture based on colloidal sol-gel traiositin order to obtain mesoporous hybrid materials.
Several composite gels have already been investigstarting from colloidal zirconia [2] (Zr is
simulating U) and recently colloidal thorium oxifeh is simulating better U than Zr). More precisely
Zirconium hydrolysis occurs at low pH3) followed by a rapid precipitation of oxy-hydroe. A
specific complexant as acetylacetone is used iardgalcontrol the chemical surface of formed cdlloi
and shift also the optimal pH for the condensat®ynadjusting the physicochemical compounds, the
kinetic of condensation and thus the sol-gel tteorsiare well controlled. Note that Zr as inactive
element has a structure able to integrate elenvattislil and IV oxidation degrees which permits to
obtain sol composite as for example Zr-Ce (simngafu) or Zr-Nd (simulating Am). The gel point
(main key parameter) of our systems is analyzedrhmBology coupled with SAXS or DLS
measurements. The upper step is to template tBgse=ms either by internal (impregnation of sab int
a mesoporous material) or external (by using sofymeric spheres as seen on figure d). After
removal of the template, the final step is to tlile obtained mesoporous materialg( ZrO,, ThO,,
UQO;,) by colloidal sol actinide as Am, Cm to finallyaeh a nanostructured composite material as
simulating nuclear fuel.
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Figure c: sol-gel transition Figure d:tsmfmplating from [3]

[1] Zhitomirsky I., Advances in Colloid and Interface Science, 279-317, 2002
[2] Lemonnier S,, et al., Dalton Transactions, 2254-2262, 2010.
[3] Guorong D, et al,, Nanoscale Research Letters, 118-122, 2008.
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Soft chemistry routes for the synthesis of carbide

-cycle!

X. Deschanels, D. HéraultG. Arrachart, A. Saravia, O. FiquetS. Szenknect
“Centrale Marseille, Aix Marseille Université, CNRSm2 UMR 7313, 13397, Marseille, France
“ CEA-Cadarache, DEC/SPUA/LCU, 13108 St-Paul Lez Beea

pate

Soft chemistry routes are used for the productforacide powder$?. In a first, two approaches
(colloidal and molecular routes) were compareeéimms of temperature synthesis, microstructural
characteristics, for the synthesis of silicon adebin a second step, these methods have been
implemented for the synthesis of other carbides sisczirconium, titanium and uranium carbides.

Antici]

Synthesis of carbide powders

Two different routes are used for the productionsiiton carbide powders. The first, called the
“colloidal route”, is inspired by methods used byPHMartin® and consists of the carboreduction of
colloidal silica (hanometric or micrometric powdeby sugar. The second route, called the “molecular
route”, uses a molecular chemistry approach, basethe immobilization of sugar derivatives in
silica. Both synthesis routes use the same carborce (carbohydrate) to achieve the carbothermal
reduction of the silica depicted by the followinguation:

SiOy(s) + 3C(s) = SiC(s) + 2 CO(g)

In both cases/!-SiC powders with a high yield of submicrometricrtmdes were successfully
synthesized in the temperature range between 180@%60 °C (Fig. 1 and 2).

The colloidal route was successfully applied to $kethesis of zirconium and uranium carbide. This
last point is done in collaboration with a laborgtof CEA Cadarache (DEC/SPUA/LCU).
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Figure.1: TGA curves (in argon) of Figure 2: Si@ nanoparticles electrodeposited
precursors P1 (fumed silica + sucrose on Pt substrate

C/Si=3.6),P3 (fumed silica + mannitol
C/Si=3.6), M1 (molecular route,
C/Si=8)
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Characterization of the carbides

The powders obtained by the two routes exhibitedesoporous structure. The structure of these
materials was composed of grains of carbides endzbddl a matrix of carbon (Fig. 3). Their
characteristics depend on the amount of residudloca and the mesoporosity is located within the
carbon matrix surrounding the carbide grains (Hp. The largest surface area, 722 m2/g, was
measured for a sample synthesized via the molemuiée. A mechanism

related to the release of the CO gas produced gluhia carbothermal reduction was invoked to
explain the evolution of the surface area versas/tlume fraction of residual carbon.
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Figure. 3: TEM observations of powders pyrolyzed at Figure 4:Sger of precursors P1, P2, P3, P4 pyrolysed at

1550°C C/M=24, a)P1-type (SiC+C), b) P3-type (ZrC+C).-1550°C versus volume fraction of residual carborec8iz
surface area of pyrolyzed sucrose isZgm

1 X. Deschanels, M. el Ghazzal and al, “Synthesis of carbide compounds derived from colloidal oxide and

carbohydrate”, Progr. Coll. Polymer Sci., 137, (2010), 47-52.
2 X. Deschanels and al., “Comparison of two soft chemistry routes for the synthesis of mesoporous carbon/beta-

SiC nanocomposites”, submitted to J. of Mater. Sci.
3 H-P Martin, E. Miiller, Y. Knoll and al., “Silicon carbide derived from silica sol and sugar”, ]. Mater. Sci. Lett., 14,

(1995) 620-622.
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Irradiation of mesoporous silica under ionic irghn

X. Deschanels, S. Dourdain, A. Grandjean, C. Rey,dguer

The objective of the study is to investigate how ttamages caused by ions irradiation affect thg
structure of mesoporous silica. For this purposgious mesoporous silica samples (Vycor glass ang
SBA15) were irradiated by swift ions (H, Ar, Xe).i$ well known that mesoporous silica is sensitive
to damages caused by ions having high electromppstg power. Such damages result in the
formation of amorphous tracks and may give rism&eroscopic deformation leading to the shrinkage
of the mesoporosity into Vycor glasses. This phesraon has been observed by Klaumiinzer [1].
Preliminary analyses obtained on vycor glasse<atdia change in the mesoporous structure und
irradiation. Their specific surface area decredssmh about 10%. No significant change was observed
on the pore diameter (Figure 1).
X-ray reflectivity measurements before and afteadrated samples were made on mesoporous silic
coated on Si substrate (Figure 2). Structural patara can be obtained from the Kiessig oscillations
observed on these measurements. In all casesjaticad$ involve an increase in porosity and
restructuration of the mesoporous structure. SEbeplations presented in the Figure 3 are consiste
with these results. The holes observed on the ®idathe samples after irradiation may be theltresu
of the tracks produce by ions bombardments. Indeeder these conditions of irradiation the
electronic stopping power (dE/dx) is greater tHandnergy threshold leading to the formation afkra
in silica.
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Figurel: Evolution of the mesoporous structure uFeR: Reflectivity measurement on SBA15
of the samples versus fluence (pore diameter aedifgparea) (Black curve : non irradiated, Red Curiveadiated)

Irradiated

Figure 3: SEM observations of SBA15

Here, the development of analytical techniqueseduib characterize the materials after irradiation
tests, and the elaboration of well-defined materehd adapted to these characterizations is under
study in this team. Note that for practical reastiesamount of tested material is often very low.

[1] S. Klaumiinzer, Nucl. Instr. And Meth. In Phys. Res. B, 166 (2000) 459.
[2] S. Dourdain, X. Deschanels, G. Toquer, C. Grygiel, . Monnet, S. Pellet-Rostaing, A. Grandjean, "Radiation damage of

mesoporous silica thin films monitored by X ray reflectivity and Scanning electron microscopy” Journal of
Nuclear Materials, 427, (2012) 411.
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Specific Characterisation of nanostructured materia

C. Rey, A. Grandjean

The ICSM possess various pieces of equipment fictiaracterisation of new and novel material
The managment of these equipments is undertakamioynber of groups including the Laboratory @
Nanomatrials for Energy and Recycling (LNER).
The LNER research group is in charge of: a gas rptlen-desorption device (BET), a high
temperature thermal analyser (TGA/DTA) which cancbapled to a gas analysers. This group al
manages a Carbon-Sulfur and an Oxygen-Nitrogen-dgygir analyser, as well as a capillary ioni
chromatography device. The managment of these efevitcludes the planning, maintenance and
development of measurement methods for materiaishvéire synthesised in all the team of the
Institute.

The Gas Adsorption-Desorption device can be useth&wacterise the surface shapes and surface
areas of adsorbents and the porosity of variousmaterials. The example illustrated below (Figure
1) shows a nitrogen adosrption-desorption isotifieom a sample of Vycor Glass.

MethodsiandSoheany

Figure 1: Nitrogen Adsorption-Desorption Isotherrh \éycor
Glass (A) Microporous stage P/P0<0,05 (B) Gas pue
increased to form a monolayer and the surface area
_ determined using the BET method, P/PO < 0,3 (C) Gas
—ggzz:pttl_on pressure increased to form a multilayer which alous to

phion determine pore diameter. (D) Total adsorption orntesx
surface

o,
Q

(cm®/g) (STP)
3

Quantity adsorbed

0.0 0.4 0.8
PIP, (STP)

Adsorption and desorption analyses using diffegades such as water vapour or krypton (for
materials with low surface area) are also performgdvell as micropore. In the future we plan to

develop chemisorption analyses.
High temperature thermal analyses, (TGA/DTA), pded us with the ability to measure temperatures
ranging from the ambient (thermocouple S, B) thigh as 2400 °C (thermocouple W).

Figure 2: TGA (black line) measures the variationthhe mass
of a sample as the temperature is increased (0®°C and
400°C respectively). The DTA (blue line) detects
transformations in the sample structure, i.e. fasio
crystallisation, etc. Recently, the LNER group hbsen
equipped with a gas analyser which allows us tantidle the
emitted vapours and therefore better understand the
. . . -10 transformation mechanisms which occurs during tmermal
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Combined with a carbon and an oxygen-nitrogen-hyeincanalyser, we are also able to characterise

materials functionalised with organic molecules.

Once these materials have been characterised,emetélt their capacity for extraction thanks to an
ionic chromatography device which can simultangodsgtect the presence of cations (alkaline and
earth alkaline; organic acid) and anions in sotutio

The above mentioned equipment allows the LNER gtoupot only characterise the materials which
we synthesis but also to analysis the efficiencthe$e materials.
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Synthesis of nanoparticles using colloidal routes

Thomas ZemtBenjamin Abécassis and Fabienne Testard (LIONSagg

Among various synthesis procedures, the use ofrsevmicelles is an:,::
effective route for yielding a wide range of nantisées of different
chemical nature, size and shape. The inner cotbeofeverse micelles’
acts as a nanoreactor and the nanoparticles aameditby mixing two
microemulsions containing reacting precursors. Desmumerous
theoretical studies on the formation mechanism ahaoparticles in
reverse microemulsion, its elucidation is still faom being complete
Linking the size and shape of nanoparticles obthiaethe end of th
reaction to the shape and curvature radius of ticeoemulsion initially
present is tempting but other parameters can dégogm important role. 20 nm
For example, the state of the water molecules entié water pools, the
dynamics of the inter droplet exchange, and thenited conditions are R
of primary importance and can prevail over the tetiqg effect.

On the other hand, catanionic formulations of meenalsions |nvolve§_
surface networks of alternated positive and negatharges and product
the most rigid surfactant monolayer films knownughusing catanionic. .-
reverse micelles as micro-reactors, the elusivanptating” effect .
expected for the synthesis of monodisperse narolgartof controlled
size as the gold nanoparticles (shown to the lpfgduced for the " '
different radii of curvature of templating micrastture should be'IO nm
maximised.
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shape templating except when the grovvth of thagbestis slow. In situ |
time resolved SAXS measurements show that the stiticture of the %
microemulsion is conserved during the whole reactio 20 nhm*"

The liquid-liquid phase transition of the catangmiicroemulsion induced by a gentle cooling is used

to recover and purify the nanoparticles in a simpénner, by using a large domain of tie-lines m th
ternary phase diagram to concentrate the nanolesrticile washing away the surfactant involved

The reversible separation-remixing of the dispersbiefore and after - -
liquid-liquid phase instability due to long rangéractive interactions | &= =

between nanoreactors induced by slight temperatwegiations
temperatures is shown to the left.

T=25°C T=15°C

1 Abecassis, Benjamin; Testard, Fabienne; Zemb, Thomas. "Gold nanoparticle synthesis in worm-like catanionic
micelles: microstructure conservation and temperature induced recovery. ", Soft Matter (2009), 5(5), 974-978.
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6 — Evolving interfaces in materials

L’équipe est constituée de :
- 1 Professeur des Universités, responsable g@dédéir. N. Dacheux),
- 2 chercheurs CNRS (Dr. N. Clavier ; Dr. A. Mdskacompter du 01/12/2012),
- 1 chercheur CEA (Dr. S. Szenknect),
- 4 doctorants (D.T. Costin, F. Crétaz, J. Magjrie Tocino).

Le laboratoire d’étude des Interfaces de MatérimmEvolution (LIME) a pour objectif de décrire et
de comprendre les phénoménes siégeant aux interémtiele/solide et solide/liquide, aussi bien au
cours d'étapes de frittage (densification) que desalution (ou d’altération) sous contraintes de
matériaux d'intérét pour le nucléaire du futur.

Les expérimentations relatives aux interfaces efdwlide s'inscrivent dans I'étude du frittage a
travers les divers mécanismes intervenant lorsadéehsification d’'un matériau (consolidation de
I'objet, grossissement de grains, réduction de larogté). Dans ce cadre, le couplage
d’expérimentationsn situ et ex situpermet non seulement d’analyser les différentepeétale la
densification et d’obtenir des données généraleraaijuement accessibles par modélisation mais
également d’aboutir & I'obtention de cartes deafyi¢ (taille de graings taux de densification) dans
un délai trés court. Il en découle une optimisati@s conditions expérimentales en fonction de la
microstructure désirée. Concernant I'évolution tieerfaces solide/liquide, il s’agit de permettae,
terme, I'optimisation des propriétés de certaingriaux utilisés (ou a utiliser) pour I'aval ourf@nt

du cycle électronucléaire. En particulier, cettendiche consiste a appréhender et & comprendre les
liens étroits reliant d'une part, la morphologierdsolide et d’autre part, sa propension a se @isso

ou s'altérer.

Dans ce but, la premiéere étape de I'étude congidtevelopper ou optimiser les conditions de symthes
de combustibles modéles (T,O,, Th,CeO,, U;Ce0, Ce.NdOry ThiyNAdOoy, ...) en
privilégiant l'usage de précurseurs cristallisésalate, hydroxyde, ... de maniere a améliorer
’lhomogénéité, la réactivité et la capacité detdge des oxydes préparés a haute température. Les
étapes de conversion des précurseurs en maténgde ultimes sont alors examinées a travers le
couplage de nombreuses techniques (thermiquesditin, microscopiques, spectroscopiques). Il en
découle l'identification des transformations et deermediaires réactionnels successifs intervenant
lors de la conversion. Plusieurs structures clises ont ainsi été précisées. A titre d’exemplayrp

les solutions solides @NdO.,,, I'affinement des paramétres de maille des échamdi préparés
apres traitement thermique du précurseur oxaldi@08°C a confirmé I'existence de deux domaines
distincts (structures fluorine et bixbyite), réanlt d’'une organisation des lacunes en oxygéne
nécessaires a la compensation de charges. En Butilessation de méthodes de synthése par voie
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humide, généralement favorables a I'améliorationladeépartition cationique au sein du solide, a
permis d'étendre le domaine d’existence de tetgtions solides.

Sur la base de ces résultats, le frittage des exyaetes Th,U,O, Th;,CeO, et Ca,Nd,O,» a été
optimisé en termes de réactivité ou de conditigrératoires (pression, durée, température), ce qui a
permis d'atteindre des densités voisines de 95% @iés valeurs calculées. Par ailleurs, des premiér
expériences mettant en ceuvre l'observatiaitu des phénoménes de densification ont été menées par
microscopie électronique a balayage environnemeatélaute température (HT-MEBE). Des données
inédites relatives a la cinétique de croissancaujaire ou a la mobilité des joints de grains dnsia

été déterminées pour Cgét ThQ jusqu'a 1400°C. De plus, le couplage de ces sisudtvec ceux
issus de l'analyse dilatométrique a permis de oanstrapidement des trajectoires de frittage
permettantn finede contrdler la microstructure des matériaux céyjaes considérés.

Des expériences de dissolution ont été entrepeisesonditions de faible ou de fort renouvellement.
Pour les solutions solides TJ,O, une étude multiparamétrique a été développée advaldier
I'influence relative de chaque parameétre sur laaHdilité chimique des matériaux. A ce titre,
I'amélioration de la distribution cationique aurseiu solide permet de limiter I'influence de la
composition, probablement du fait de la disparitas zones enrichies en uranium tandis que la
réduction du nombre de joints de grains induitifaidution des vitesses de dissolution normalisées
d’environ un ordre de grandeur par rapport a caliegrminées pour les échantillons préparés par
précipitation directe. Cela confirme les liens #¢r@ntre la microstructure du matériau (a travers,
entre autre, I’'hnomogénéité et la réactivité deamef ...) et sa résistance a I'altération ou a leos@n
aqueuse. Par ailleurs, la progression de la réact® dissolution est généralement associée a une
modification significative de la surface réactii@ans le but de corriger le biais en découlant, une
méthode de suivih operandade cette évolution par ESEM a été développée.

Composés modeéless Matériaux d’intérét

j——
......... . .!'! Clains \”'- T ;1» Y
* Joints de ralns:r Y =NV
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Nature

Matériau en
conditions d’'usage

Représentation synoptique de parametres physigoigbes étudiés lors de
I’évolution d’'un matériau en cours de dissolution.

Concernant les solutions solides ;(¥d,O,,,, l'influence de plusieurs parametres tels que la
composition chimique, la température, 'acidité milieu et la présence d’agents complexant sur la
vitesse de dissolution normalisée a été examinéptr@irement aux solutions solides;JH,0,, les
tests de dissolution menés sur les compos@sNOgD,» ont montré une forte influence de la
composition chimique, principa-lement liée a lagiligation du réseau cristallin consécutive a la
formation des lacunes en oxygene. Par ailleurgolgrble de la réaction de dissolution par des
réactions de surface a été mis en évidence, aidavifo la détermination de I'énergie d’activation
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(voisine de 90-100 kJ.mbl qu'a travers la saturation des sites actifs déase au-dela de 2M en
acide nitrique. Ces travaux initiés au cours désdh de Laurent Claparéde (Bourse CTBU, ICSM —
DRCP/LC2A, 2008-2011) et de Denis Horlait (Bours&ENRT sur théme prioritaire, ICSM, 2008-
2011) sont actuellement poursuivis dans le cadia tieese de Florent Tocino (Bourse CTBU, ICSM
— DRCP/LED, 2012-2015). Un aspect particulier davail consiste a étudier le role les réactions
rédox a l'interface solide/solution a partir decamparaison des systemes; 40e0, et Any,Ln,Osp0
(An=Th,U) et Th,U,0..

Un second axe de recherches, en lien avec 'amokyde, a été initié en partenariat avec le DRCP
(CEA Marcoule) dans le cadre de deux théses (DaB@ostin : 2009-2012 et Fanny Crétaz : 2010-
2013). Les premieres études ont porté sur le sgstdmrium — uranium — silicate, a travers la
préparation de solutions solides d’uranothorite ,TRSIO, en conditions hydrothermales. Des
méthodes de purification des échantillons, par reéipa chimique des phases oxydes. ThO, et
SiO, présentes en tant que phases secondaires pdrtiesaux d’incorporation d’uranium ont été
mises au point. En revanche, les tentatives denggat de coffinite USiQont, a ce jour, toujours
conduit a des échantillons polyphasés au sein destpuphase coffinite est demeurée minoritaire. Le
second volet de l'étude porte sur les systemesiwmaphosphate et uranium-vanadate, plus
particulierement a travers la synthése et la cariaetion d’autunite, de torbernite ou de carnotite
Pour I'ensemble de ces systemes, la démarche tmasigss & déterminer les vitesses de dissolution
des échantillons (cinétique) et les données debiitdu afin d’accéderin fine aux données
thermodynamiques & AgH°, ArG®, ArS°) nécessaires pour évaluer le comportement delhaeses
minérales lors de leur mise en contact avec ungigol Pour le systéeme actinide-silicate, des deané
ont d'ores et déja permis d'apporter des conclssiear la réaction « d’uranothoritisation » en
fonction des conditions d’altération et de la natates solides. Une comparaison directe entre
échantillons modeles et réels a été entrepriseavers le développement de cette méthodologie
parallelement sur des minéraux et sur des éctargidynthétiques.
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From oxalates to oxides: study of the thermal casiva of Th_U,(C,0y),.
2H,0O compounds
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Nicolas CLAVIERNicolas DACHEUX
Murielle RIVENET, Francis ABRAHAM (UCCS — ENSQel.il
Nicole BARRE (Groupe de Radiochimie — IPN Orsay)

Oxalate co-precipitation is currently considered aapromising way to operate the recycling of
tetravalent actinides into new oxide fuel elemknts these conditions, it is important to clearly
understand the different reactions occurring dutiing heat treatment from the oxalate precurso
leading to the final dioxide. Indeed, even if aicten oxalates are studied since almost 70 ﬁears
reliable data concerning their crystal structunes their stability range are often lacking.
A study was then focused on the system based QRUIIC.O,), . 2H,O compounds which was
extensively characterized through an innovativer@ggh combiningn situ HT-techniques such as
XRD andp-Raman spectroscopy. First, this gave evidencelofveeemperature monoclinic form of
the initial dihydrate compounds, never reportedaipow, and mainly characterized by an original 2D
arrangement exhibiting two types of oxalate sitesvall as two distinct sets of hydrogen bonds in
charge of the layer cohesibriThe phase transition to the well-known orthorharform was then
observed through the modification of
T the y-Raman spectra (fig. 1) and its
TS, temperature was found to vary linearly
with the chemical composition of the
sample.
A particular attention was then paid to
the dehydration processes with the
f complete structural characterization of
IC the monohydrate compounds. Here
y again, the temperature of formation was
= found to be dependent on the chemical
' composition as well as their stability
¥ 5 versus rehydration. Indeed, while
L B . & uranium (IV) oxalate monohydrate is
Raman s (o w T . quickly turned into the initial dihydrated
compounds, the thorium end-member
remains stable for several weeks. The possibldathiysition of an anhydrous sample is also curyentl
investigated.
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Finally, the transformation of anhydrous oxalat® idioxide was investigated by TGA studies amd
situ HT-Raman in order to elucidate the possible foromatof carbonated or oxo-carbonated
intermediate species, which is regularly questioitedhe literature. Up to now, no characteristic
vibration band associated to such entities wasedtfor the thorium-uranium system, accounting for
a direct transformation.

1. N. Hingant, N. Clavier, N. Dacheux, N. Barré, S. Hubert, S. Obbade, F. Taborda, F. Abraham, “Preparation, sintering
and leaching of optimized uranium thorium dioxides”, ]. Nucl. Mater., 2009, 385, 400-406.

2, P.L. Gunther et al, Ber. Dtsch. Chem. Ges., 1938, 71B, 1771.

3. N. Clavier, N. Hingant, M. Rivenet, S. Obbade, N. Dacheux, N. Barré, F. Abraham, “X-Ray diffraction and p-Raman
investigation of the monoclinic-orthorhombic phase transition in Thi.xUx(C204)2.2H20 solid solutions”, Inorg.
Chem.,, 2010, 49, 1921-1931.
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Dynamic aspects of ceramic sintering

Nicolas CLAVIERRenaud PODOR, Johann RAVAUX, Nicolas DACHEUX

The solid state sintering involves two major pheaneoccurring simultaneously: pore shrinkage a
grain growth. The microstructure evolution of aidaluring sintering is related to the kinetics o
change in the grain size and pore distributionse Modifications of these distributions are directl
linked to atom and pore mobilities (and more gelhenaass transfer) that generates grain boundary
well as intergranular and intragranular pores dispients. Even if numerous models were develop
to predict these processes on the basis of diffiusguations and energy minimisation, there is & la
of experimental data in this domain. A specific hoelology was then developed, using the ney
opportunities offered by Environmental ScanningcEln Microscopy (ESEM) implemented with g
high temperature device. It was then possiblertectliy observe the sintering mechanisms of ceram
at the sub-micrometer scdle
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Fig.1: (A) Evolution of the average grain size dhgriheat treatment at various temperatures in ex sit
(open symbols) or in situ (full symbols) conditiofi®) Sintering trajectory of Th@obtained from the
HT-ESEM/dilatometry combined approach.

The CeQ sintering was studied directly in the ESEM chamfrem 1000 to 1400°C’. The
morphological modifications of a single grain padidn were observed for 6 to 8 hours and good
quality images were recorded. Kinetic parameteng\wlgen extracted from the obtained image series.
The local grain growth determined from the singteylation studiedn situ was compared to the
general grain growth obtained by the classealsitutechnique in order to validate the use of HT-
ESEM for sintering study. From the image serieseic parameters such as grain boundary velocities
were also determined.

This methodology was then extended successfullpacstudy of Th@sintering. In this case, the data
determined fromin situ HT-ESEM images (Figure 1A) was correlated é» situ dilatometric
measurements, and the sintering map for ;Tw&s obtained (Figure 1B). On the basis of these first
results, the combination of these two techniqugseared as a very promising way to control the
microstructure of ceramic materials, including maclfuels.

1 R. Podor, N. Clavier, J. Ravaux, L. Claparéde, N. Dacheux, D. Bernache-Assolant, “Dynamic aspects of cerium
dioxide sintering- HT-ESEM study of grain growth and pore elimination”, ]. Eur. Ceram. Soc. 32 (2012) 353-362.
2 R. Podor, N. Clavier, J. Ravaux, L. Claparede, N. Dacheux, “In situ HT-ESEM observation of CeO:z grain growth
during sintering”, ]. Am. Ceram. Soc. 95 (2012) 3683-3690.

3 N. Clavier, R. Podor, L. Deliere, J. Ravaux, N. Dacheux, “Combining in situ HT-ESEM observations and dilatometry:
an original and fast way to the sintering map of ThO2”, Mater. Chem. Phys.
doi:10.1016/j.matchemphys.2012.10.003 (2013).
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Influence of structural and microstructural paraameon fluorite-type
(An,Ln)O, mixed oxide dissolution

Nicolas DACHEUX, Nicolas CLAVIER, Stéphanie SZENEINFAdel MESBAH,
Florent TOCINO, Denis HORLAIT,
Laurent CLAPAREDE, Philippe MOISY (DEN/DRCP — Q&#tcoule)
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Actinides mixed dioxides are currently used in PWRIear reactors and considered as reference fue
for several Gen lll and Gen IV concepts. Moreotkey could act as matrices for the recycling of
minor actinides, either directly in the reactor e@r in fertile blankets. In these conditions, the
consequences of the incorporation of trivalent eleis) such as americium or curium (and lanthanide$
as surrogate elements), in the fluorite-type stmecof MQ;, should be carefully assessed when dealing
with key-steps of the nuclear fuel cycle, such ggwacessing. This study was then focused on thg
dissolution of (A ,Ln")0,, and (An',An")O, samples (AN = Th, U ; LA" = La-Yb) as model
compounds for future mixed oxides fuels. Since itifeience of conventional parameters such a
temperature or acidity was mainly described in likerature, a particular attention was paid to
structural (chemical composition and homogeneityystal structure...) and microstructural
(crystallization state, density, pore size andritistion, ...) parameters.

On the one hand, the incorporation of trivalentHanides in both Ceand ThQ matrices was found

to drastically increase their normalized dissolutrates, due to the formation of oxygen vacancies
weakening the crystal structdif@igure 1). As instance, the normalized dissotutiate of CeLnO..

w2 Was increased by 4 orders of magnitude when sbiftom Cgelng10;65t0 C& sL.NoO: 7¢. ON the
contrary, the nature of tetravalent cation did induce great modifications in the chemical dur&pili
of the ceramics. Another significant effect of camjpion was found to arise from the cationic
homogeneity of the solid solutions considered. Seftéct was particularly observed for {k,O,
samples, whose dissolution is often promoted bgxedactions involving U(1V). In these conditions,
the kinetics of alteration was generally slowingvdovhen improving the distribution of cations at th
microscopic scale, namely by using wet chemistoges of preparatidn
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Th, ,Ce,0, Ce;Nd, 0, ., & Thy U0,

| Temperature : 363K vs. 313K |
Chemical composition :

* Ce;4Ndy 140, 5, V8. CeO,
* Thy4;Ug 330, vs. ThO,

| Acidity : 6M HNO, vs. 0.1M HNO, |
x 15 | Temperature : 363K vs. 298K |

| Crystal defects : 400°C vs. 800°C |

Chemical composition
<3 ]

I Crystallite size : 800°C vs. 1200°C |

x10 | Acaity: 6MENO, s 0.1MHNO, |

x6 | Crystal defects : 400°C vs. 800°C |

<3 | Crystallte size : 800°C vs. 1200°C |
(Ql Higher chemical durability | (‘l Higher chemical durability |

Studied parameter Studied parameter

Effect on normalized dissolution rate
Effect on normalized dissolution rate

Fig. 1: Relative effect of parameters affectingdexilissolution.

1D. Horlait, N. Clavier, S. Szenknect, N. Dacheux, V. Dubois, “Dissolution of cerium(IV)-lanthanide(III) oxides :

comparative effect of chemical composition, temperature and acidity”Inorg. Chem., 51 (2012) 3868-3878.

2D. Horlait, F. Tocino, N. Clavier, N. Dacheux, S. Szenknect, “Multiparametric study of Th1-xLnx0z-x/2 mixed oxides
dissolution in nitric acid media”]. Nucl. Mater., 429 (2012) 237-244.

3 N. Hingant, N. Clavier, N. Dacheux, N. Barré, S. Hubert et al. "Preparation, sintering and leaching of optimized
uranium thorium dioxides" , J. Nucl. Mater., 385 (2009) 400-406.



On the other hand, micro-structural parameters generally found to be significant only for samples
of high chemical durabilityi.e. ThO,, CeQ, and derived solid solutiofis In these conditions, the
crystallization state of the samples could inflietize kinetics as much as the acidity of the le@cha
while density or grain size remain second ordeamm&ters. Nevertheless, these latter parameters must
be taken into account when studying the evolutibrihe solid/solution interface. Indeed, ESEM
observations performeitdh operandoduring the dissolution process allowed imaging pheferential
alteration zones for several solids which can kmtked either within the grain boundaries, triple
junctions or through intragranular corrosion pRgg(re 2). Also, it allowed pointing out the effeaft
surface heterogeneities on the dissolution kinedigswell as the strong evolution of the reactive
surface during the dissolution of the ceramics.sTihformation appears of main importance when
working with normalized dissolution rate and lecctmsider limit cases for using such variables.

Fig. 2:1n operandoESEM observations performed during the dissolutibihy sUg 50, (2M HNGs, T = 90°C).

“L. Claparede, N. Clavier, N. Dacheux, P. Moisy, R. Podor, J. Ravaux, “Influence of crystallization state and
microstructure on the chemical durability of cerium-neodymium mixed dioxides” Inorg. Chem., 50 (2011)
9059-9072.

5L. Claparede, N. Clavier, N. Dacheux, A. Mesbabh, S. Szenknect et al., “Multiparametric dissolution of thorium-cerium
dioxide solid solutions” Inorg. Chem., 50 (2011) 11702-11714.



Thermodynamic Properties of T{J,SiO, solid solutions from solubility
measurements

Stéphanie SZENKNECT, Nicolas CLAVIER, Dan COSTid¢l&s DACHEUX
Christophe POINSSOT (DEN/DRCP — CEA Marcoule)
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Secondary phases which could be formed during raiwaaching represent important sinks for
and other radionuclides, and thus control the syleset mobility and the ultimate distribution of the
radiotoxic elements in the surrounding environmedites under investigations for undergroun
repository are for the greatest part located inisintbed clayrocks exhibiting anoxic conditions an
silica-rich environmerit Such geochemical conditions imposed circum-neytkh and low-redox
potential that favor the formation of U(IV) seconglgphases after the dissolution of L@atrix.
Under these conditions, USj@offinite is suspected to precipitate dependinghanrelative stability

of coffinite and uraninit€. However, thermodynamic
2] properties of coffinite, especially solubility caast
] remain largely unkown. Very few reliable thermodyna
mic data related to coffinite formation or solutyilare
available in the literature. None of them were
determined based on solubility experiments.
Since attempts reported in literature for the Rty
years, failed to synthesize large amounts of single
phase coffinite in order to perform solubility sies] an
indirect method based on solubility measurements of
Th,, USIO, samples was envisaged. Indeed, the
Fig.1: Variation of the solubility constant alo - preparation of ThU,SiO, uranothorite solid solutions
the uranothorite series determined by under-
saturation experiments at 298 K undamoxic WaS successfully undertaken under hydrothermal
conditions and extrapolation to coffinite . conditions (T=250°C) by Costiet al *4 The formation

of a complete solid solution between x=0 (thoraey

x=0.8 was evidenced from XRD and EDS analyses. Wewepolyphased samples systematically
obtained for x= 0.25 underlined the kinetic hindering linked witie preparation of uranium-rich
silicates, including coffinite. A purification press was developped based on the selective dissoluti
of secondary phases, that led to a complete renaivéile impurities (mixed oxide and amorphous
silica).
Finally, a set of experiments on the dissolutionimtérmediate members of the uranothorite solid
solution (0< x < 0.5) was carried out in hydrochloric acid, at saléemperatures and under anoxic
conditions, that pointed out the influence of cosipon, pH and temperature on the normalized
dissolution rates. Once the equilibrium was reachieel solubility constant of each compound was
determined then allowed the extrapolation to th&irate end-member Kigure 1) Finally, the
determination of4:G°, 4H° and 4zS° made possible conclusions on the relative stgbiit
uranothorite and uranothorianite solid solutions.
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1 Gaucher, E. C; Blanc, P.; Bardot, F.; et al, “Modelling the porewater chemestry of the Callovian-Oxfordian
formation at a regional scale”? Comptes Rendus Geoscience 338 (2006) 917-930.

2 Amme, M.; Wiss, T.; Thiele, H.; Boulet, P.; Lang, H. “Uranium secondary phase formation during anoxic
hydrothermal leaching processes of UOz nuclear”, J. Nucl. Mat. 341 (2005) 209-223.

3 Costin, D.T.; Mesbah, A.; Clavier, N.; Dacheux, N.; Poinssot, C.; Szenknect, S.; Ravaux, J; Brau, H.P. “Preparation and
characterization of synthetic Tho.sUo.5Si04 uranothorite”; Prog. Nucl. Energy 57 (2012) 155-160.

4 Costin, D.T.; Mesbah, A.; Clavier, N.; Dacheux, N.; Poinssot, C.; Szenknect, S.; Ravau, J., “How to explain the
difficulties in the coffinite synthesis from the study of uranothorite ?” Inorg. Chem. 50 (2011) 11117-11126.



Dissolution of uranyl phosphates and vanadates:
from synthetic analogues to natural samples
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Uranyl minerals form as secondary phases withimiura deposits represent potential new uraniu
resourcesbut also affect the distribution of uranium antiess radionuclides and their subseque
mobility under oxidizing conditions encounterediwe vicinity of nuclear waste repository settings ¢
at sites of groundwater contamination. Due to tlkeetremely low solubility, uranyl phophates and
vanadates are ubiquitous within uranium ore dep@sitl strongly affect uranium fate and transport in
soils and aquifers under oxidizing conditian€onsidering uranyl phosphates and vanadates as
potential phases of interest for ore exploitatidnis essential to evaluate their thermodynamic
properties, and to acquire reliable kinetic datshim perspective of sustainable ore treatment psoce
development.

Reliable measurements of the

et Gibbs free energy of formation of a
P — . .

mineral phase can be derived from

0.20) solubility studies only if the
mineral of interest is pure and

015 stable under the experimental
conditions. The preparation of
é’; — synthetic samples is thus usually
£ 049 required. The congruence of the
© Ks® = (k" Fluoz flvoyf dissolution as well as thorough
008 s =(2.1+1.6)x10% characterization of the raw and
" U leached solids indicates the

.. stability of the studied phase.

0‘00(', 3 b s %5 %5 o = 4 Establishment of mineral-water

Dissolution time (days) equilibrium is demonstrated by
approaching the equilibrium state
Fig.1 Evolution of elementary concentrations duritige from undersaturated (dissolution)
dissolution of synthetic carnotite in 1M HCI at 22° and oversaturated (precipitation)
conditions. This methodology was
used to determine thermodynamic
data associated to relevant phases in th©{W,0s-UO,} system. Pure and single phase autunite,
Ca(UQ)(POy),.2-6H,0, torbernite, Cu(UO,)»(PQy),.8-12H0, carnotite Ky(UO,),(VO,),.3H,O0 and its
phosphate analogous ankoleitgUO,),(PQy),.6H,0O were synthesized then exhaustively characterized
and finally submitted to dissolution experimentdieTdetermination of solubility constantsg’K
(Figure 1) was performed in various media and atrsd temperatures then associated thermodynamic
data QArG°, ARH® andAgS°) were evaluated. The comparison of these vgasgrecially k°) with that
obtained from natural minerals will allow evaluatirthe behaviour of natural samples during
dissolution.

1 Cuney M., K. Kyser, “Recent and not-so-recent developments in uranium deposits and implications for
exploration.” , Short Course Series 39, 2009, Mineralogical Association of Canada Eds.

2 Gorman-Lewis, D., P.C. Burns, ].B. Fein, “Review of uranyl mineral solubility measurements”., /. Chem. Thermo., 40
(2008) 335-352.



