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silice poreuse et d'alliages métalliques liquides, puis des gels poreux hydrophobes de silice avec l'eau comme liquide non mouillant. Le principe de l'absorption d'énergie mécanique est basé sur la transformation, lors de l'intrusion à haute pression, de l'eau liquide en une multitude de clusters moléculaires dans les pores qui interagissent avec les parois en convertissant l'énergie mécanique appliquée en énergie interfaciale (solide-liquide). La baisse de pression peut induire l'extrusion de l'eau des pores du matériau. En fonction de la structure et de la composition du matériau, trois différents comportements du système "solide poreuxeau" peuvent être observés: I) l'eau est entièrement extrusée à une pression égale ou proche de celle de l'intrusion, II) elle est extrusée à une pression considérablement plus faible impliquant une large hystérèse entre les isothermes d'intrusion et extrusion (courbes P-V), III) l'eau reste piégée dans la porosité d'une manière irréversible. Ces trois cas correspondent aux comportements de type ressort, amortisseur et pare-choc où l'énergie est respectivement stockée, dissipée ou absorbée.

Notre équipe a été la pionnière dans l'usage des zéosils dans les systèmes hétérogènes lyophobes ce qui a permis d'obtenir des pressions d'intrusion très élevées allant jusqu'à ~ 200 MPa. Les premiers travaux ont montré l'importance de la présence de défauts hydrophiles (groupes silanol) dans le matériau qui rendent l'intrusion d'eau plus facile et moins réversible et de ce fait baissent les performances énergétiques des systèmes correspondants. Plusieurs types structuraux de zéosils ont été testés par notre équipe y compris dans le cadre de ce travail. Il a été observé que tous les zéosils avec un système de canaux unidimensionnel (1D) montraient toujours un comportement réversible, principalement de type ressort. Pour les zéosils avec un système de canaux bi-ou tridimensionnel, le comportement semblait être déterminé par le nombre de défauts dans la structure. Les zéosils à cage ou à canaux avec des poches latérales montraient généralement une intrusion complètement ou partiellement irréversible. De manière générale, la pression d'intrusion est plus élevée pour un diamètre de canaux ou de cages plus petit.

Des études calorimétriques ont été réalisées pour mieux comprendre le mécanisme de l'intrusion. Il a été constaté que la dimension et la forme des pores déterminaient le comportement endothermique ou exothermique de l'intrusion à cause de l'orientation différente des molécules d'eau dans la porosité.

Afin d'améliorer les performances énergétiques (énergie stockée, dissipée ou absorbée), le volume ou la pression doivent être augmentés. La voie la plus efficace est la substitution de l'eau par des solutions salines qui permet d'augmenter considérablement la pression Résumé en français du manuscrit: Chapitre 1 d'intrusion. Un changement du comportement des systèmes "zéosil-solution saline" avec la concentration a été observé pour certains zéosils. Dans le cadre de ce travail, l'étude de l'influence de la concentration de LiCl sur les performances énergétiques et le comportement des systèmes "zéosil-solution saline" a été effectuée pour différents types structuraux de zéosils.

Les effets de la température et du champ électrique sont également discutés dans ce chapitre.

L'intrusion de liquides non aqueux dans les solides poreux est aussi abordée. Les travaux sur l'intrusion d'eau et de solutions salines dans les Metal Organic Frameworks sont aussi présentés. Les Metal Organic Frameworks sont des matériaux microporeux avec une charpente métallo-organique et un volume de pore supérieur à celui des zéosils.

La partie finale de ce chapitre est dédiée aux possibles applications des systèmes lyophobes hétérogènes dans le stockage, l'absorption et la dissipation de l'énergie mécanique.

Résumé en français du manuscrit: Chapitre 2

Résumé du Chapitre 2

Ce chapitre est entièrement dédié à la description des techniques expérimentales et de caractérisation des échantillons avant et après les cycles d'intrusion-extrusion d'eau et des solutions aqueuses de LiCl.

Les techniques utilisées ont été: la diffraction de rayons X (DRX), la microscopie électronique à balayage (MEB), la manométrie d'adsorption-desorption de diazote, l'analyse thermogravimétrique (ATG) et la résonance magnétique nucléaire du solide (RMN). Un porosimètre à mercure a été utilisé pour forcer l'eau et les solutions aqueuses de LiCl dans les pores des échantillons et pour étudier le comportement des systèmes "zéosil-liquide non mouillant". Les échantillons ont été placés sous atmosphère contrôlée, avec un taux d'humidité de 80 % avant d'être analysés.

La diffraction de rayons X est une méthode d'analyse qui sonde l'ordre à longue distance de la charpente d'un matériau et elle est utilisée pour identifier et évaluer la cristallinité des matériaux cristallins. Le diffractogramme obtenu permet d'obtenir d'autres informations telles que la taille des cristallites, les paramètres de maille et la présence de microdistortions dans les réseaux cristallins. La majorité des échantillons a été analysée avec un diffractomètre STOE STADI-P en mode transmission équipé avec un monochromateur primaire incurvé en germanium (111) et un détecteur linéaire à localisation spatiale (6° 2θ) qui utilise la radiation CuKα 1 (λ = 0,15406 nm). Les mesures ont été obtenues pour des valeurs d'angles 2θ de 3-50° avec un pas angulaire de 0.2° 2θ et un temps d'enregistrement de 10 seconds pour chaque pas.

La microscopie électronique à balayage permet d'acquérir des informations concernant la taille et la morphologie des échantillons. Cette technique consiste à balayer, ligne par ligne, la surface de l'échantillon par un faisceau incident d'électrons à haute énergie, ce qui a pour effet l'émission d'électrons secondaires envoyés vers un détecteur qui transmet le signal à un écran dont le balayage est synchronisé avec celui de l'échantillon. Afin de rendre les zéosils conducteurs et évacuer les électrons, les échantillons sont recouverts d'une fine couche d'or (10-20 nm). Pendant ces travaux, un microscope Philips XL 30 FEG a été utilisé.

La manométrie d'adsorption-desorption de diazote est une technique qui permet d'accéder aux propriétés texturales des matériaux poreux, telles que la surface spécifique, le volume microporeux, la taille et la distribution des pores. Les échantillons ont été analysés avec un appareil Micromeritics ASAP 2420. Avant la mesure, une étape d'activation a été réalisée Résumé en français du manuscrit: Chapitre 2 dans les conditions suivantes: les zéosils avant intrusion ont été dégazés à 90 ou 300 °C pendant 15 heures sous vide. Les échantillons intrusés sont dégazés à 90 °C pendant 15 heures sous vide pour éviter toutes réactions de déshydroxylation. La surface spécifique et le volume microporeux ont été calculés par les méthodes BET et t-plot, respectivement.

L'analyse thermogravimetrique met en évidence les variations de masse subies par un échantillon et donne des informations concernant les teneurs en eau et en matière organique éventuellement présentes dans l'échantillon. Les analyses ont été réalisées avec un appareil Mettler Toledo STARe, sous un flux d'air où environ 10 mg d'échantillon sont mis dans un creuset en alumine. La montée en température a été effectuée entre 30 et 800 °C à 5 °C/min suivie par une descente rapide. Après le cycle de mesure, un enregistrement "blanc" (creuset vide) a été fait. La courbe thermogravimetrique résultante a été obtenue par soustraction des deux courbes.

La résonance magnétique nucléaire du solide renseigne sur l'ordre à courte distance de la structure des matériaux et dans notre cas sur l'agencement des atomes de silicium dans la charpente zéolithique. Pour obtenir des pics de résonance étroits, une rotation rapide de l'échantillon autour d'un axe incliné d'un angle de 54,7 ° (dit angle magique) par rapport à la direction du champ magnétique externe doit être réalisée.

Pendant ces travaux, deux techniques ont été utilisées: la RMN de 29 Si MAS (Magic Angle Spinning) et celle de 1 H- 29 Si CPMAS (Cross Polarization at Magic Angle Spinning). La première détecte directement la polarisation des atomes de 29 Si alors que la deuxième exploite la polarisation croisée. Dans le dernier cas, la polarisation d'un noyau abondant (typiquement 1 H) est transférée vers un autre noyau plus rare ( 29 L'échantillon et le liquide ont été placés dans une cellule cylindrique en polypropylène de 2 mL munie d'un piston mobile. Cette cellule cylindrique a été introduite dans la cellule du pénétromètre du porosimètre, laquelle est ensuite remplie par le mercure qui transmet la pression au piston. La variation de volume en fonction de la pression appliquée est enregistrée et une courbe pression-volume représentant les isothermes d'intrusion-extrusion est tracée. À ces courbes sont soustraites celles de la compressibilité de l'eau ou de la solution saline. Les valeurs de pressions d'intrusion et d'extrusion sont celles correspondant à la moitié de la variation totale du volume. La pression est exprimée en mégapascal (MPa) et le volume intrusé et extrusé en mL par gramme de zéosil anhydre (l'échantillon est dégazé à 300 °C pendant quatre heures avant d'être soumis au test à haute pression).
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Résumé du Chapitre 3

Ce chapitre est dédié à l'étude de l'intrusion-extrusion d'eau et de solutions aqueuses de LiCl dans les zéolithes purement siliciques (zéosils) qui sont caractérisées par un système poreux à cages avec des ouvertures de pores à 8 atomes de silicium. Il s'agit des types structuraux CHA, ITE, LTA et DDR. Pour chaque topologie, une brève description de la structure est présentée, suivie des résultats expérimentaux d'intrusion-extrusion d'eau et de solutions aqueuses de LiCl. Les caractérisations physico-chimiques détaillées des zéosils avant et après intrusion sont également montrées. Le chapitre se termine par une discussion générale des résultats obtenus.

L'intrusion d'eau dans le zéosil CHA (chabazite) avait déjà été étudiée par notre équipe.

Ces expériences avaient révélé un comportement partiellement irréversible pendant le premier cycle (pare-chocs + ressort) et entièrement réversible pour les cycles suivants (ressort). Dans le cadre de ce travail une pression d'intrusion de l'eau plus faible est observée (29 MPa contre 42 MPa) probablement en raison d'une plus grande quantité de défauts hydrophiles présents dans notre échantillon qui facilitent l'accessibilité des molécules d'eau dans la porosité du matériau. L'intrusion de solutions aqueuses de LiCl à différentes concentrations (5, 10 et 20 M) est entièrement réversible, une petite hystérèse entre les isothermes d'intrusion et d'extrusion révèle un comportement amortisseur. La pression d'intrusion augmente de 5,6 fois pour la solution de LiCl 20 M (162 MPa) par rapport à celle observée pour l'eau. Cela permet d'obtenir une valeur d'énergie stockée plutôt élevée (24,3 J/g). Les expériences d'intrusionextrusion à haute pression génèrent une petite quantité de défauts silanol sans impacter fortement la structure du matériau.

L'intrusion d'eau dans le zéosil ITE montre un comportement de type ressort avec une pression d'intrusion et d'énergie stockée assez faibles de 32 MPa et de 3,2 J/g, respectivement. Les cycles d'intrusion-extrusion n'affectent pas la charpente du matériau. L'intrusion d'eau dans le zéosil LTA est irréversible et se produit relativement à basse pression (20 MPa). C'est l'une des valeurs les plus faibles jamais observée pour un système composé par un zéosil et un liquide non mouillant. Une forte augmentation de la pression d'intrusion (jusqu'à 7,4 fois pour la solution aqueuse de LiCl 20 M) et un changement du comportement du système ont été observés pendant les expériences d'intrusion-extrusion de solutions aqueuses de LiCl. Les systèmes "zéosil LTA-solution aqueuse de LiCl" montrent une combinaison de comportements de types pare-chocs et amortisseur avec une intrusion partiellement irréversible. La formation de défauts silanol dans le matériau intrusé est considérablement plus importante dans le cas de l'intrusion d'eau par rapport à l'intrusion de solutions salines. Cela peut être lié à une plus forte réactivité des molécules d'eau envers la charpente zéolithique par rapport aux ions solvatés qui seraient intrusés dans le cas des solutions salines. Cette formation de défauts hydrophiles par rupture de ponts siloxane explique le caractère entièrement irréversible de l'intrusion d'eau, puisque ces défauts interagissent avec les molécules d'eau intrusées.

La structure du zéosil DDR est composée par trois types différents de cages, dont deux possèdent des ouvertures des pores difficilement accessibles aux molécules d'eau. Le système "zéosil DDR-eau" montre un comportement de type ressort avec une pression d'intrusion de 60 MPa. La charpente n'est pas endommagée après les cycles d'intrusion-extrusion. Par contre, l'intrusion de solutions aqueuses de LiCl 10 et 20 M est partiellement irréversible et conduit à une légère distortion de la structure du zéosil. Après intrusion de la solution aqueuse de LiCl 20 M, l'échantillon présente un diffractogramme de rayons X très similaire à celui de l'échantillon brut de synthèse (contenant l'agent structurant organique) pouvant révéler soit la présence de liquide non extrusé dans le solide soit la présence de défauts de type silanol. Le volume intrusé est beaucoup plus élevé que celui obtenu avec l'eau et plus élevé que le volume microporeux obtenu par manométrie d'adsorption-desorption de diazote. Cette particularité a été expliquée par un meilleur sondage de la porosité sous forte pression. La valeur de la pression d'intrusion avec la solution de LiCl 20 M est la plus élevée jamais observée pour des systèmes basés sur des zéosils avec une structure à cage (357 MPa). Ainsi, le système "Si-DDR-LiCl 20 M" présente une densité d'énergie absorbée de 93 J/g largement supérieure aux valeurs maximales obtenues précédemment (environ trois fois plus élevée).

Comme suggéré précédemment par notre équipe, les systèmes basés sur des zéosils avec une structure à cage montrent des valeurs de pression d'intrusion d'eau relativement faibles (20, 29, 32 et 60 MPa pour Si-LTA, Si-CHA, Si-ITE et Si-DDR, respectivement). La pression d'intrusion d'eau dans ces zéosils augmente avec la diminution des diamètres de cages les constituants. Cependant une forte hausse presque linéaire de la pression d'intrusion avec la concentration de LiCl est observée. Ces résultats laissent supposer que lors de l'intrusion de solutions salines concentrées la pression dépend essentiellement de la taille des ouvertures de pores, contrairement à ce qui a été observé lors de l'intrusion d'eau.

L'intrusion d'eau est observée à une pression très élevée (210 MPa). Cette valeur est la plus haute jamais observée pour un système "zéosil-eau". Une forte hausse de la pression d'intrusion de 210 à 294 MPa a été observée pour la solution aqueuse de LiCl 5 M. Les caractérisations physico-chimiques montrent que la charpente du matériau est très peu affectée après les expériences d'intrusion-extrusion.

Le zéosil ITH présente un système tridimensionnel de canaux avec la particularité d'avoir des ouvertures de pores formées de 9 et 10 atomes de silicium. Le système "zéosil ITH-eau" montre un comportement de type pare-chocs avec une intrusion irréversible et une pression d'intrusion de 82 MPa. Le même comportement est observé pour l'intrusion de solutions aqueuses de LiCl 5 et 10 M. Ce comportement est probablement lié à la présence de défauts silanol dans la charpente du zéosil. Par contre, pour la concentration maximale de LiCl (20 M) l'intrusion est partiellement réversible. Un tel changement de comportement peut être lié à l'absence des molécules d'eau libres dans la solution de LiCl 20 M et donc, aux propriétés particulières de cette solution. Il est aussi à remarquer que le système "zéosil ITH-LiCl 20 M" montre une énergie absorbée parmi les plus grandes jamais observées (30,8 J/g). Cette valeur a été obtenue grâce à la pression élevée nécessaire pour l'intrusion du liquide dans la porosité et au volume intrusé relativement important (280 MPa et 0,11 mL/g, respectivement). La pression d'intrusion augmente d'une façon linéaire avec la concentration de LiCl. Les caractérisations des échantillons avant et après intrusion-extrusion montrent que la charpente du matériau est légèrement affectée par l'intrusion à haute pression avec création de défauts silanol.

Les systèmes poreux des zéosils de topologies CFI et DON sont similaires. Ils sont composés de canaux unidimensionnels avec de larges ouvertures de pores à 14 atomes de silicium. Les systèmes basés sur ces zéosils montrent un comportement de type ressort avec une intrusion entièrement réversible pour tous les liquides. Les valeurs des pressions L'augmentation de la pression d'intrusion à l'aide des solutions aqueuses de LiCl est relativement peu importante par rapport aux zéosils aux ouvertures de pores plus faibles. De plus, il a été montré que pour tous ces systèmes à base de zéosils avec de larges ouvertures de pore, l'augmentation de la pression entre l'eau et une solution aqueuse de LiCl 10 M était beaucoup plus importante que celle entre les concentrations de 10 et 20 M. Les différentes caractérisations montrent que l'intrusion affecte peu la charpente des zéosils CFI et DON.
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Résumé du Chapitre 5

Ce chapitre est dédié à l'étude de l'intrusion-extrusion dans la zéolithe purement silicique de type FER (ferrierite). Au début du chapitre la structure de ce zéosil est présentée, suivi par le résumé des résultats issus d'une collaboration avec l'équipe de Rossella Arletti de l'Université de Turin sur la composition du liquide intrusé dans les pores du matériau obtenu par diffraction de rayons X à haute pression in situ. À la fin du chapitre l'étude de l'influence de la concentration de solutions aqueuses de LiCl et de la morphologie des cristaux (parallélépipèdes ou plaquettes) sur les performances énergétiques des systèmes "zéosil FERsolution aqueuse de LiCl" est présentée.

La ferrierite est une zéolithe aluminosilicate naturelle, mais le zéosil FER (purement silicique) peut être également synthétisé par synthèse solvothermale en milieu fluoré non aqueux en une étape ou par condensation topotactique d'un précurseur lamellaire (PREFER) ce qui conduit à des morphologies de cristaux différentes. Cette zéolithe présente un système poreux bidimensionnel de canaux avec des ouvertures de pores à 8 et à 10 atomes de silicium.

Dans le cadre des travaux en collaboration avec l'équipe de Rossella Arletti, l'intrusion d'une solution aqueuse de MgCl 2 (composition: MgCl 2 · 21 H 2 O; 2,65 M) a été réalisée. Le liquide est intrusé à 195 MPa. La pression, donc, est plus élevée que celle observée pour l'intrusion d'eau (150 MPa). Pour vérifier si les ions rentrent dans les pores du zéosil pendant l'intrusion à haute pression, la composition du liquide intrusé a été mise en évidence par diffraction de rayons X à haute pression. L'analyse par un affinement Rietveld montre que les ions pénètrent dans les canaux de la ferrierite lors de l'intrusion, mais la concentration de la solution intrusée est considérablement supérieure à celle initiale (MgCl 2 · 10 H 2 O; 5,56 M) et proche de celle de saturation. Ainsi, cette étude a permis de conclure que les ions Mg 2+ et Cl - sont partiellement desolvatés lors de l'intrusion (Mg 2+ coordonne 2,8 molécules d'eau au lieu de 6 tandis que Cl -coordonne 2 molécules d'eau au lieu de 5-6) ce qui explique aussi la pression d'intrusion élevée. La teneur d'eau plus faible dans la solution intrusée peut être liée à la nature hydrophobe du matériau.

Comme mentionné ci-dessus, deux différents protocoles de synthèse ont été choisis pour l'étude de l'influence de la morphologie des cristaux sur les performances énergétiques des systèmes "zéosil FER-eau/solution aqueuse de LiCl". La première méthode, une synthèse solvothermale en milieu fluoré non aqueux permet d'obtenir directement le zéosil (FER-K) en forme de plaquettes, tandis que la deuxième, basée sur la condensation topotactique d'un précurseur lamellaire (PREFER) conduit à la formation des cristaux parallélépipédiques (FER-P). Le deuxième aspect qui a été étudié est l'influence de la concentration des solutions aqueuses de LiCl sur les performances énergétiques de ces systèmes.

Les caractérisations montrent que les deux échantillons présentent les mêmes caractéristiques, sauf que l'échantillon FER-K présente un taux de cristallisation, un volume microporeux et un caractère hydrophobe légèrement plus élevés. Les caractérisations par diffraction de rayons X, manométrie d'adsorption-désorption de diazote et analyse thermogravimétrique ne montrent pas de différences importantes entre les échantillons avant et après les cycles d'intrusion-extrusion. Par contre la spectroscopie RMN de 29 Si MAS montre que l'ordre cristallin de FER-K est légèrement plus faible après intrusion-extrusion, tandis qu'au contraire celui-ci est légèrement plus élevé pour les échantillons FER-P. Ce phénomène atypique peut être expliqué par une augmentation du degré de condensation des couches lamellaires de l'échantillon FER-P après intrusion à haute pression. Ainsi il peut être conclu que les cycles d'intrusion-extrusion impactent très peu la structure du zéosil. Ce résultat n'était pas attendu, car une expérience précédente réalisée par notre équipe sur le zéosil RRO qui était synthétisé, comme FER-P, par condensation topotactique d'un précurseur lamellaire, avait donné un résultat opposé. Il avait été observé qu'après les cycles d'intrusion-extrusion les ponts siloxanes étaient rompus préférentiellement au niveau de la condensation des couches du précurseur. 

Les

Introduction

Zeolites are microporous crystalline solids with a framework composed by TO 4 (T = Si, Al…) tetrahedral units that form channels or cavities. 232 different zeolitic structures are known at the moment, each of them is identified by a three letter code assigned by the International Zeolite Association (IZA). These materials are widely used in adsorption (decontamination of air and water), catalysis (catalytic cracking in the petrochemical industry), in ion exchange (e.g., water softening) and molecular separation. Pure-silica zeolites (zeosils) obtained in fluoride medium are highly hydrophobic materials, which are of high interest for the use in heterogeneous lyophobic systems.

Heterogeneous lyophobic systems are composed by a porous solid and a nonwetting liquid and can be used for mechanical energy storage and absorption. They were introduced and developed by Prof. Eroshenko from the beginning of 1980s. Initially, these systems were based on porous silica and liquid metallic alloys, then hydrophobized silicas and water as nonwetting liquid were preferred. The mechanical energy absorption principle is based on the transformation, during the high pressure intrusion, of liquid water into a multitude of molecular clusters inside the porosity that corresponds to the conversion of the supplied mechanical energy into the one of solid-liquid interface. According to the structure and to the composition of the zeolite framework, three different behaviors can be observed when the pressure is released: I) water is extruded at an equal or slightly lower pressure value than the intrusion one, II) water is extruded at a considerably lower pressure value leading to a large hysteresis between the intrusion and extrusion isotherms (pressure-volume curves), III) water is irreversibly trapped inside the porosity. These cases correspond to a spring, shock absorber and bumper behavior, where the energy is stored, dissipated and absorbed, respectively.

Our group (Matériaux à Porosité Contrôlée) was the first to use the zeosils in heterogeneous lyophobic systems. The zeosil-based systems allow obtaining very high values of water intrusion pressure, up to 210 MPa and specific stored energy up to 15 J/g. It was shown that hydrophilic defects sites (silanol groups) present in the material could affect the energetic performances of the systems by lowering of the intrusion pressure and making intrusion less revesible. Several zeolites topologies were tested in water intrusion-extrusion experiments by our group. It was observed that one-dimensional (1D) channel-type zeosils always showed a reversible behavior, normally a spring one. For zeosils with a multidimensional (2D or 3D) channel systems, it seems that the behavior is determined by the defect content in the framework. Zeosils characterized by cages or channels with side pockets often show a partially or totally irreversible intrusion. Generally, higher intrusion pressure values were found for the zeosils with channels or cages of small diameters.

In order to improve the energetic performances of zeosil-based systems (specific stored or absorbed mechanical energy), the intrusion pressure or the intruded volume must be increased. The most effective way to get the intrusion pressure considerably improved is to replace water by saline aqueous solutions. Moreover, a change in the behavior with the salt concentration is observed for some "zeosil-saline aqueous solutions" systems.

This work is devoted to the synthesis of hydrophobic pure-silica zeolites of various structure types (BEC, CDO, CFI, CHA, DDR, DON, FER, ITE, ITH, LTA and MTF) and to their study in water and LiCl aqueous solutions intrusion-extrusion experiments. The influence of LiCl concentration on the behavior and on the energetic performances of "zeosil-LiCl aqueous solution" systems is investigated. The results obtained for different zeosils are compared between them in order to better understand the influence of the pore system parameters (dimensionality, presence of channels or cages, pore size) and of defect sites. Besides, a focus on the influence of the morphology of FER-type zeosil during the intrusion-extrusion experiments is made. The energetic performances of two similar zeosils (*BEA-and BECtypes) are compared as well in order to highlight the effect of small differences in the structure.

This manuscript is composed by six chapters. The first one is devoted to the bibliography, where the history, the principal applications of zeolites and the zeolites synthesis routes and mechanisms are described. A particular attention is made on pure-silica zeolites. The principle of the intrusion process with a focus on water and salt aqueous solutions intrusion in zeosils is also discussed. At the end, the intrusion-extrusion experiments with different porous materials and liquids and the potential applications of the heterogeneous lyophobic systems are presented.

In the second chapter, experimental techniques and conditions used to characterize the zeosils before and after the intrusion-extrusion experiments are described.

In chapter 3 the energetic performances of several zeosils with a cage system and 8 membered-ring pore openings (CHA, DDR, ITE and LTA) are presented. The evolution of the intrusion pressure and the system behavior with LiCl concentration are discussed. The energetic performances of different "zeosil-water" and "zeosil-LiCl aqueous solution" systems are compared between them in order to better understand the role of the zeosil structure and silanol defects.

In chapter 4 the energetic performances of the systems based on the zeosils with a channel system (CFI, CDO, DON, ITH and MTF) are presented. The intrusion pressure values observed during the intrusion-extrusion cycles in water and LiCl aqueous solutions are compared in order to better understand the influence of the pore opening size (8-14 MR). A study of the dependence of the behavior and of the energetic performances on LiCl concentration is presented. The role of defect sites and the nature of intruded liquid is also discussed.

Chapter 5 is entirely devoted to pure-silica ferrierite. This zeosil was synthesized with two different morphologies: elongated and plate-like crystals in order to investigate the influence of the crystallite shape on the energetic performances in water and in LiCl solutions intrusionextrusion experiments.

The last chapter is dedicated to the comparison of the energetic performances of *BEA and BEC-type zeosils, where the latter is a polymorph of the former. The two zeosils are both characterized by a three-dimensional channel porous system with pore size at 12 MR. The main difference is the presence of zig-zag channels in *BEA-type. The influence of structure particularities on the energetic performances of these zeosils is studied.

At the end of the manuscript the conclusions on the most important results obtained during this work and a discussion of the perspectives are presented.

In the annexes the synthesis of the organic structure-directing agents and some additional experimental results and details are shown.

Chapter 1. Bibliography

In this chapter, the description of the principal features, synthesis routes and applications of zeolites is presented. A deep focus will be made on the use of hydrophobic zeolites for energy storage and absorption by high pressure intrusion-extrusion of nonwetting liquids. Highlights will be made on the evolution of the zeolites and the intruded liquids in heterogeneous lyophobic systems and on the influence of different external parameters such as temperature or electric field on the intrusion-extrusion process. The intrusion-extrusion experiments with Metal-Organic Frameworks and mesoporous hydrophobic silica will be mentioned.

Introduction to porous materials

Porous materials are characterized by a solid matrix containing empty channels, cavities or interstices of different shapes that are called pores, which confer to the materials high specific surface area and porous volume. The matrix can be formed by silica, aluminosilicates, organic polymers, metallic foams etc. Because of their ability in adsorption, they are widely exploited in the industrial field for gas and liquid sorption, catalysis and many other fields. [1][2][3][4] According to IUPAC 5 , nanoporous materials have maximum pore diameter (Ø) of ~ 100 nm. In this class, as it is shown in Figure 1.1, microporous (Ø < 2 nm), mesoporous (2 nm ≤ Ø ≤ 50 nm) and macroporous (Ø > 50 nm) materials are comprised. The cations (M) are localized inside the nanochannels or nanocages to compensate the negative charge due to the presence of Al III in the framework. The amount of aluminum can vary according to the different species of zeolites, but two aluminum atoms may not be adjacent. The Si/Al ratio must follow the Loewenstein' rule 7 , that is:

1 ≤ Si/Al ≤ ∞. A pure-
silica zeolite is obtained, when the value of the ratio is infinite. shown. 8,9 The first zeolite (stilbite) was discovered by the mineralogist A.F. Cronstedt in 1756 10 who proposed the name "zeolite" ("stone that boils" in greek) for this mineral because of its effervescence when heated. Further studies on the ion exchange properties of chabazite and natrolite by Eichhorn 11 and on the liquid adsorption by Friedel 12 brought to the idea that the zeolites have a pore system similar to a sponge open to the external environment. In 1932, because of the gas adsorption properties, the term "molecular sieve" was proposed by McBain indicating the sieving on the molecular scale. 13 From mid-1930's, a large number of natural zeolites were synthetically reproduced and new zeolitic structures were found. Over the years, these materials conquered a key role in catalytic cracking and in ion exchange giving rise to a huge research of new synthetic zeolites with innovations on the synthetic routes. Barrer et al. 14 introduced into the reaction gel quaternary ammonium cations, as tetramethylammonium cations in hydroxide form, beginning the use of organic templates in order to obtain a larger variety of zeolitic frameworks. Another step was made by Flanigen and Patton 15 who proposed fluoride ions instead of hydroxide ones as mineralizing agent in pure-silica zeolite synthesis at milder pH values.

It was also discovered that the same structure of natural or synthetic aluminosilicate can be obtained replacing the aluminum or silicon atoms by other elements as phosphorus, boron, germanium, titanium… bearing, for example, to aluminophosphates (AlPO 4 ), silicoaluminophosphates (SAPO) or metal aluminophosphates (MeAPO). Pure-silica zeolites (zeosils) can be also obtained. Nowadays all these kinds of molecular sieves belong to the "zeolite and zeolite-like materials" family. 16 232 zeolitic structures are known at the moment.

Each zeolite is identified by a three letter code assigned by the International Zeolite Association (IZA). 9 Zeolites can be classified according to the type of porosity and to the dimensionality of the pore system. They can have a channel or a cage system and the pores can be parallel to a single crystallographic direction (1D), to two (2D) or to three crystallographic directions (3D).

Zeolites: synthesis mechanisms

Initially the synthesis of zeolites was based on the reproduction of the extreme conditions occurring during the natural formation of the mineral, usually leading to dense phases.

Nowadays, zeolites are commonly synthesized by hydrothermal way from hydrogel reaction.

The latter contains generally water, silica and aluminum sources, inorganic and/or organic templates and mineralizing agents. The synthesis is carried out in an autoclave, normally in a temperature range of 60 and 200 °C under autogenous pressure. The first zeolite synthesized with this method was levynite by Saint-Clair Deville in 1862. 17 In 1940-50's the hydrothermal synthesis of zeolites was considerably developed in the works of Barrer and Milton. 18,19 The most accredited theory of zeolite formation and nucleation mechanism was proposed by Barrer 20,21 and then developed by Guth and Kessler. 22 It states that the nucleation takes place directly in the solution and the crystals grow by an incorporation of silica and alumina species present in the solution. The mineralizing agent provides a continuous dissolution of silica/alumina sources and the transfer of the building units to the nuclei. 21 The formation of the zeolite framework can be represented as an assembly of aluminosilicate rings composed by TO 4 tetrahedra or polyhedra in the gel that will constitute the entire structure. 20 These fragments, called Periodic Building Units (PerBUs) 9 , rearrange themselves as a function of the synthesis conditions (gel composition, temperature, aging time…) giving rise to a multitude of different structures as shown in Figure 1.3. rings of 4 and 6 tetrahedra, respectively. In the structural models, the T elements in the framework are located at the intersection of edges, with oxygen atoms in the middle of the edges. [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF] A variety of reaction conditions, reactants and structure-directing agents led to the formation (in nature or by synthesis) of different structural types of zeolites. In the most part of cases, the reactions lead directly to the zeolite structure (3D), but sometimes the layered zeolite precursor (2D, LZP), is formed firstly in hydrothermal conditions and only after calcination of this product a 3D porous material is formed. [START_REF] Roth | [END_REF] The following examples of materials obtained by this method can be cited: CDO 25 , FER 26 , MWW 27 , RRO 28 and RWR-type zeolites. 29 The routes of zeolites synthesis are illustrated in Figure 1.4 (modified picture found in ref. [START_REF] Roth | [END_REF] ).

Figure 1.4. Schematic representation of zeolite solvothermal synthesis. On the left pathway, the reaction leads directly to 3D zeolite structure, while on the right one the 2D zeolite precursors (the structure-directing agents are depicted in red) were formed before the condensation of individual layers to 3D zeolite. [START_REF] Roth | [END_REF] Another synthesis method is the removal of structural units (T species) from the framework followed by a condensation leading to the formation of a new structure. It concerns generally the removal of germanium species from certain microporous germanosilicates. A transformation of IM-12 zeolite with UTL topology to all-silica OKO-type zeolite can be cited as an example. 30 Another interesting kind of synthesis is the irreversible change of phase under high pressure.

IFY-type zeolite is obtained by the compression of LTA-type zeolite at 3.2 GPa. 31 The zeolite synthesis is affected by several factors such as reactant nature, gel composition, mineralizing agent, structure-directing agent (SDA), aging time, temperature, rate of stirring and heating time. The role of the organic templates and of the mineralizing agent will be developed in the following sections in more details.

The organic structure-directing agent

The structure-directing agent has multiple functions: charge compensation of the zeolite framework for aluminosilicate materials, templating role, filling the micropores and thermodynamic stabilization of the structure during its formation. The arrangement of the organic cations in EMM-23 (EWT topology) porosity is shown as an example in Figure 1.5. The structure-directing agent plays an important role in zeolite formation. For instance, during the synthesis of the pure-silica form of MFI-type zeolite, Burkett and Davis 33 developed a reaction pattern in which the units of tetrapropylammonium cations (TPA + ) with hydrophobic character, are surrounded by water molecules, which are substituted during the synthesis by silica units. A confirmation of this hypothesis was found by Kirschhock et al. 34 who showed the presence of such building units (polycyclic silica anions) associated with organic cations during the synthesis of pure-silica MFI and MEL-type zeolites. These units organize themselves in "nanoslabs" inside the gel by self-assembling leading to the formation of zeolite framework.

The introduction of organic templates in zeolite synthesis was realized for the first time by

Barrer et al. 14 The quaternary ammonium cations, generally in the hydroxide form, are the most used, but amines 35 , alcohols 36 , cyclic ethers 37 and organometallic complexes 38 are also used in some cases. The most used quaternary ammonium salts are usually synthesized by quaternization of the parent amine using the proper halide, usually followed by the anion exchange in order to obtain its hydroxide form. 39 Some examples of organic cations are shown in Figure 1.6. To make the synthesis of zeolites achievable, the molecules must satisfy certain requirements as chemical and thermal stability to avoid degradation during the synthesis. Another feature studied by Kubota et al. was the effect of the rigidity of an organic compound and therefore of its conformational degree on zeolite synthesis. 40 It was found that small, rigid and bulky units with reduced conformational mobility led to the crystallization of only one kind of porous framework, usually with small pore windows. Conversely, if the templates with long and flexible chains are used, the zeolites with larger pore opening are generally obtained. It was also found that small molecules as tetramethylammonium cations could lead to several zeolite phases if their concentration and the water content are changed, while the large ones tend to form the same zeolitic structure. 42 Besides, the shape of the organic molecules, apparently determines the phase selectivity. 39 Spherical structure-directing agents lead preferentially to the formation of cage-type structures, whereas long chains templates to channel-type ones.

Mineralizing agent

The mineralizing agent is a chemical species that plays a fundamental role in zeolite synthesis. It dissolves the non-ordered solid phase (silica/alumina source) and creates the supersaturated concentration of solubilized species which is followed by the precipitation and crystallization of ordered zeolite structure.

The main mineralizing agents in zeolite synthesis are hydroxide (OH -) and fluoride (F -)

anions. Up to 1978 only OH -anions were used as mineralizing agent, thus, the synthesis were carried out at elevated pH (11-14). Flanigen and Patton 15 introduced F -ions in the reaction gel for the first time in 1978 for the synthesis of pure-silica MFI-type zeolite (Silicalite-1). This allows to work at milder temperature and pH. In the following years, further investigations on synthesis in fluoride media were performed in the laboratory of Mulhouse by Guth et al. and Kessler et al. 43,44 and later by Corma and coworkers in Valencia group. 39,45 The use of fluoride anions allowed to decrease the pH of the synthesis to 6-9, thus, new organic templates, which are unstable in strongly basic media, could be used. In these conditions the concentration of soluble species in the reacting medium is lower, that leads to longer crystallization time and thus, to bigger crystal size. Slower crystallization and low pH of reacting medium allow to decrease considerably the amount of defects (silanol groups, (OSi) 3 -Si-OH) in the resulting zeolite in comparison with the material synthesized in hydroxide medium. Thus, highly hydrophobic zeolites are obtained. 39,46 Since highly hydrophobic porous materials are required for energy storage applications, in this work the synthesis of zeosils will be mostly performed in fluoride medium.

Fluoride anions that are occluded in the zeolite structure can compensate the positive charge of the structure-directing agent and also play a templating role for D4MR (double cycles of 4 tetrahedra) building units. 47

Applications of zeolites

Since zeolites are microporous materials with a pore size close to the molecule dimensions, high surface area (up to 900 m 2 /g), high thermal and chemical stability, they are used in many industrial applications. The main application fields are: heterogeneous catalysis, ion exchange, molecule adsorption and separation. The zeolites, in particular in aluminosilicate form with H + counter-ions, have Brönsted acid sites with catalytic activity in many reactions.

They are largely exploited in the petrochemical industry in the catalytic cracking of long chain hydrocarbons, where FAU-type zeolite is particularly used. Zeolites are also active in the reactions of isomerization, alkylation, aromatization, dehydration and many others. 48,49 Zeolites can also be exploited for the reduction of polluting NO x volatile compounds into harmless N 2 . 50

The ion exchange properties of zeolites are widely used in detergents 51 (LTA and GIS topologies) for water softening, but they can also find a place in removal of heavy metals and radioactive cations and polluting anions in contaminated water and soils. 52,53 Because of the pore size close to molecule dimensions and relatively large specific porous volume, zeolites can be used for the adsorption and separation of different molecules. The selectivity of the molecule adsorption can be achieved due to the adapted pore dimensions and shapes, to the nature of compensation cations or to the different degree of zeolite hydrophilicity/hydrophobicity by varying the Si/Al ratio of the framework. These properties of zeolites are used for the removal of volatile organic compounds (VOC) 54,55 , dehydration and purification of gas or liquids and in control of moisture in double glazing. A peculiar application is the molecular decontamination in space. 56 Concerning the petrochemical industry, the ability of zeolites to separate molecules according to their dimension and shape is largely employed. The pore size is determinant for light olefin separation and selection, like propylene used in polymer industry. Pure-silica zeolites with CHA, ITH, ITE and DDR topology have suitable pore dimensions for this purpose. 48 Another example is the zeolite LTA that can separate n-paraffins from isoparaffins. 57 Zeolites can also find peculiar applications in biosensors, membranes, ceramic materials, insulators and in medical field. 1 This work is devoted to a specific application of hydrophobic pure-silica zeolites: the storage or the dissipation of mechanical energy under high pressure intrusion of a nonwetting liquid.

Zeosils

Zeolites can be classified according to their silicon content. Flanigen reported these arbitrary categories: 16 "Low" Si/Al zeolites (1 to 1.5); "Intermediate" Si/Al zeolites (~ 2 to 5);

"High" Si/Al zeolites (~ 10 to 100) and Silica Molecular Sieves. Generally the term zeosil is referred to porous solids with ratio Si/T > 500. 58 Increasing the Si/Al ratio, the thermal stability and the hydrophobicity of zeolites is improved (from 700 to 1300 °C), while the acid sites and ion exchange capacity are almost nonexistent. 16 Pure-silica zeolites can be obtained by direct synthesis or by dealumination of aluminosilicates. 59 The latter method leads to materials with high content of defects, thus the direct synthesis of zeosils has been chosen for this work. The only porous crystalline silica known in nature is melanophlogite 60 , but a lot of synthetic zeosils have been obtained.

Synthetic high-or pure-silica zeolites are presented in Table 1.1. The materials with a Si/M (M = Al, B, Ge …) ratio < 50 are not reported in Table 1.1, even if their silicon content allows to classify them as "high-silica" zeolites, since they should not be sufficiently hydrophobic and could not be exploited for mechanical energy storage or absorption applications. Thus, the following zeolites are not included in the According to IUPAC 88 , a polyhedral pore whose windows are too narrow to be penetrated by guest species larger than H2O molecules is called a cage. The limiting ring size is considered to be n = 6. Otherwise, the polyhedral pore is called cavity. In this work no distinction is made between these terms and a general "cage system" is considered.

Table 1.1. Pure-silica zeolites: pore system and pore size, organic template and mineralizing agent used for their synthesis. FER 26,107 [001] 10 4. 4-methyl-2,2,6,6tetraethyl-1,2,3,3a,4a,5,6,7,7a,8a decahydro Elim. = elimination.

F - LTA 45 <100> 8 
In this work, the zeosils of following structure types have been studied: BEC, CDO, CFI, CHA, DDR, DON, FER, ITE, ITH, LTA and MTF. More detailed description of the chosen zeosils will be given at the beginning of corresponding sections in the chapters 3-6, where the experimental results are discussed.

Process and principle of energy storage 1.4.1 Porosimetry by mercury intrusion

The mercury intrusion porosimetry was developed by Washburn 145 in 1921. This method based on the nonwetting behavior of mercury allows to study the pore size distribution in porous materials. If mercury is forced to penetrate into a porous solid, a porosimetric curve is registered showing the intruded volume as the function of the supplied pressure. To penetrate into the pores this pressure should be equal or higher than the capillary pressure, which is determined by the Laplace-Washburn equation: 145

r P   cos 2   (1.1)
where P is the capillary pressure, γ is the liquid-vapor surface tension, θ is the contact angle between the liquid and the lyophobic solid (90° < θ < 180°) and r is the pore radius as it is shown in Figure 1.7b. From the equation 1.1, it can be seen that this pressure, hereafter called intrusion pressure (P int ), rises with a decrease of pore size and depends on the wettability of the porous material. It is worth to note that for microporous materials, the Laplace-Washburn equation is not entirely valid since the contact angle and the meniscus are not defined.

Principle of energy storage

In mid-1980's Eroshenko developed the first heterogeneous lyophobic systems (HLSs), i.e., systems composed by a nanoporous solid and a nonwetting liquid as promising candidates for innovative mechanical energy storage and dissipation devices because of their extraordinarily extended interface. [150][151][152][153][154] The first studies on high pressure intrusion-extrusion in porous materials were performed using mercury or liquid metallic alloys as nonwetting liquids. Such liquids have high liquid-vapor surface tension, but have disadvantages, such as: toxicity, high cost and density. Then, water was found to be a more suitable liquid for large scale applications of HLSs. Its advantages are the nontoxicity, low cost as well as quite high liquidvapor surface tension and a small kinetic diameter of 2.8 Å which can penetrate into tiny micropores. The main restriction is that a hydrophobic porous material is required. Otherwise, if certain content of hydrophilic sites are present, water will spontaneously fill the pores and no mechanical energy will be stored or absorbed. In the following years thermodynamic and energetic studies, on "grafted silica gel-water" systems, were conducted mainly by Eroshenko, Quite low intrusion pressure values were found because of the non homogeneous hydrophobization of the porosity. Then the studies on ordered mesoporous silica such as MCM-41 160,161 or SBA-15 162,163 were performed. Qiao and coworkers showed that the intrusion pressure could be tuned changing the liquid composition 164,165 or controlling the surface treatment. 166 In 2001 the first use of pure-silica zeolites as hydrophobic solids for energy storage and absorption was reported by our team. 167 The detailed discussion of zeosil-based HLSs is given in next section.

The principle of the energy storage is based on the transformation of the bulk liquid phase into a multitude of molecular clusters inside the porous matrix that develop a large interface area (ΔΩ > 0, defined by the variation of the contact area within the pores). Thus, on the microscopic scale, the intrusion process can be considered as a simultaneous breaking of intermolecular bonds within the liquid and a creation of new interactions with the solid walls.

In this way, a conversion of the mechanical energy into interfacial energy occurs. The increase of the solid-liquid contact interface involves a rise of the free energy of the system (ΔG > 0, since cosθ is negative for 90° < θ < 180° characteristic for a lyophobic solid and a nonwetting liquid) according to the formula:

      cos G (1.2)
When the pressure is released, the spontaneous decrease of the free energy (ΔG < 0) expels the liquid out of the porosity. Even if the cluster-pore wall interactions are weak (normally van der Waals forces), the enormous extension of the area per gram of nanoporous materials makes possible to store a large amount of mechanical energy in a small volume.

The intrusion of water into a porous material is schematically represented in Figure 1.8.

While high pressure is supplied by a piston (Figure 1.8a), the liquid penetrates into the pores of the material (Figure 1.8b) and a volume variation corresponding to the intruded volume is observed. At this stage, the mechanical energy is stored inside the material and corresponds to a performed work (W) which can be expressed as

    2 1 V V dV P W
, where P, V 1 and V 2 are the pressure, the initial and the final volume, respectively. In this work, a simplified expression is used: E s = P int ·V int , (where E s : stored energy, P int : intrusion pressure and V int : intruded volume). When the pressure is released, the liquid can flow out (Figure 1.8c) and the energy can be restored (E r = P ext ·V ext , where E r : restored energy, P ext : extrusion pressure and V ext : extruded volume). The percent energy yield can be calculated as (E r / E s )·100. When the pressure is released, three different behaviors can be observed: the mechanical energy can be restored, dissipated or absorbed depending on the structure, on the hydrophobicity degree of the zeolite and on the nature of the intruded liquid. Thus, "zeosil-water/solution" systems can display spring or shock absorber or bumper behavior, respectively.

The Figure 1.9 illustrates typical intrusion-extrusion isotherms (in P-V coordinates) corresponding to these three cases. The first one (Figure 1.9a) corresponds to the spring behavior, when the extrusion pressure value is very close to the intrusion one, the liquid is entirely extruded and the process is reversible over many cycles. Such systems are optimal for energy storage. In the case of shock absorber behavior (Figure 1.9b) the process is still reversible, but the extrusion occurs at a lower pressure than the intrusion one, thus, a large hysteresis is observed. In the case of bumper behavior (Figure 1.9c) the intrusion is irreversible, all the liquid is trapped inside the pores and the supplied energy can not be restored. In some cases combinations of the above mentioned behaviors can be observed. 

Intrusion-extrusion experiments in zeosils 1.5.1 Energetic performances of zeosils under high pressure water intrusion

Since 2001 pure-silica zeolites were tested for water intrusion-extrusion experiments by our group. [167][168][169] The intrusion pressure of water can reach values close to 200 MPa. 143 Despite the hydrophobic character of the materials, the presence of some silanol dangling bonds (defect sites) in the structure can influence its hydrophobicity. The work conducted by our group on zeosil-based systems clearly shows the influence that these connectivity defects can have on the behavior or on the intrusion pressure. 167 Four zeolites were tested: pure-silica *BEA-(F -), MFI-(OH -) and MFI (F -)-type ones, where OH -and F -are the hydroxide and fluoride synthesis media. A hydrophilic commercial Na-ZSM-5 (MFI-type) was also used. It was found that the "*BEA-water" system showed a bumper behavior (no extrusion) probably due to the interaction of water molecules with the silanol groups. For MFI (OH -) and MFI (F -) samples the intrusion was reversible with very small hysteresis and high intrusion pressures were observed: 81 and 99 MPa respectively. This difference was ascribed to the higher content of defects in MFI (OH -) sample that makes it more hydrophilic. Na-ZSM-5 material was not hydrophobic and water molecules filled spontaneously its porosity, therefore no intrusion was observed at high pressure.

Several zeosils with various structure were studied for water intrusion-extrusion experiments by our team. The results, including ones obtained in this work, are classified in Table 1.2 in order to show the influence of various structural parameters, such as pore system (cages or channels), dimensionality (1, 2, or 3D) and pore size on the behavior and on the energetic performances of "zeosil-water" systems. It should be noticed that in some cases in Table 1.2 it occurs that a spring behavior is reported for an energy yield lower than the one of shock absorber, since different criteria (yield of > 80 or > 90 % for spring behavior) were used in different years. Besides the results reported in the table, experiences were also carried out for pure-silica sodalite (SOD, clathrasil, 0D pore system) and revealed no water intrusion. Therefore, two possible explanations were proposed: the highly hydrophobicity of the material combined with the small size opening of its pores (6 MR) does not allow the penetration of water molecules making the sample completely inaccessible. Otherwise, it is possible that the capillary pressure needed for the water intrusion in this material is too high to be achieved with our instrument. 170 Table 1.2. Characteristics of "zeosil-water" systems: Intrusion (P int ) and Extrusion (P ext ) Pressures, Intruded (V int ) and Extruded (V ext ) Volumes, Stored (E s ) and Restored (E r ) Energies. *, ** and *** referred to the energetic parameters, indicate the number of the first, the second and the third intrusion-extrusion cycle, respectively (when it is not specified it means that the three cycles are superimposable).

Zeosil

Porosity (Å) a P int

[MPa] The most part of the zeosils were prepared by hydrothermal synthesis in fluoride medium, that provides generally low number of ≡Si-OH structural defects and, thus, high hydrophobicity. 39 However, in the case of OKO-, *STO-and MWW-type zeosils a spontaneous intrusion is observed, that is probably related to the high concentration of silanol groups in their frameworks.

a P ext [MPa] a V int [mL/g] a V ext [mL/g] b E s [J/g] c E r [J/g]
The obtained results seem to indicate that for the zeosils with one-dimensional (1D) pore systems probably the pore type determines the behavior of the "zeosil-water" system.

Channel-type zeosils (AFI, CFI, DON, MTF, MTT, MTW and TON) show a spring behavior with fully reversible water intrusion-extrusion, whereas for STF-and IFR-type zeosils characterized by channels with side pockets, the intrusion is partially (STF) or fully (IFR) irreversible: water molecules are partially or entirely retained into the pores. The presence of defect sites or their formation under high pressure intrusion plays an important role. For example, in the case of IFR-type zeosil, the bumper behavior can be explained by the presence of 3 % of hydrophilic structural defects and the increase of their concentration up to 5 % after water intrusion.

No correlation between the type of the pore system and the intrusion-extrusion behavior is observed in multidimensional channel or cage-type zeosils. Only reversible behavior is observed for the zeosils with two-dimensional pore system. In the case of the zeosils with a three-dimensional pore system no clear tendency was established. The systems based on MFIand MEL-type zeosils demonstrate fully reversible spring behavior. *BEA-, BEC-, ISV-, ITH-, LTA-and CHA-type zeosils show bumper behavior (combination of bumper and shock absorber behavior in the case of CHA-type zeosil) in water intrusion experiments. These zeosils have different framework structures, thus, no correlation between structure and behavior was found. It could be supposed that the irreversibility of intrusion (bumper behavior) is determined essentially by the presence and the formation of hydrophilic defects.

However, Tzanis et al. 176 reported a great amount of Q 3 sites (> 5 %) via NMR analysis in the MEL framework, which behaves like a spring under water intrusion. Thus, it is difficult at the moment to determine the most important factors influencing the behavior of "zeosil-water" systems.

The highest intrusion pressure value was observed in the case of CDO-type zeosil with 210

MPa (this work, see chapter 4) which displays a 2D channel system and small pore windows (8 MR). Very high pressures were also found for MTT-and TON-type zeosils: 176 and 186

MPa, respectively. 143,171 Both zeosils are characterized by a small pore openings (10 MR) and one-dimensional channel system. Generally the larger are the pores, the lower is the intrusion pressure even if the presence of considerable number of silanol defects can deviate this trend.

The zeosils with a channel system usually demonstrate higher intrusion pressure than cagetype ones, except for ITW-type zeosil (172 MPa), which has cage system, but the flat shape of its cavities makes them similar to channels. 179 The most part of cage-type zeosils with small pore openings (8, 9 or 10 MR) show relatively low intrusion pressure values (40, 42 and 20

MPa for STT-, CHA-and LTA-type zeosil, respectively). In a previous work 176 it was demonstrated that conversely to channel-type zeosils, for cage-type ones, the intrusion pressure is not correlated with pore opening size, but with the diameter of cages. For example, one of the lowest intrusion pressure values (20 MPa) was obtained for LTA-type zeosil, which has one of the smallest pore openings (8 MR, 4.1*4.1 Å 2 ), but very large cage diameter (see chapter 3). 182

Calorimetric, thermodynamic and simulation studies

The interactions between the porous solid and the nonwetting liquid during the intrusionextrusion process were studied by molecular simulation and calorimetric measurements. [183][184][185] The thermodynamics of the intrusion-extrusion experiences was also described in several works. 184,[186][187][188] Calorimetric measurements of water intrusion-extrusion experiments in mesoporous silica and zeosils in isothermic conditions were performed in the works of Eroshenko and coworkers. 184,186 It was observed that the intrusion of water is an endothermic process, whereas the extrusion was exothermic for MFI-type zeosil (Silicalite-1).

In order to investigate the influence of the geometry of the pores on calorimetric effects during high pressure intrusion, Karbowiak et al. 189 made a comparison between the MFI-(3D channel system) and CHA-(3D cage system) type zeosils. An opposite thermal effect was observed: the intrusion phenomenon is endothermic for MFI structure 186,190 , while it is exothermic in the case of chabazite. Since the two materials have similar surface chemistry, this fact can be explained by their geometrical differences (pore system and size). Considering the water density (0.55 g/cm 3 ) in the channels of MFI-type zeosil and the particular geometry of the pores, the authors estimate that molecules can be arranged in a single chain, while in the cages of chabazite they can form clusters of ~ 11 molecules, an arrangement more similar to the one of the bulk phase.

Cailliez et al. 183 explained that the internal energy of the intrusion can be seen as the sum of the energy of interaction of water with the zeolite surface and the energy due to the change in the number of hydrogen bonds between water molecules. While the former one always leads to an exothermic phenomenon, the latter can be more or less endothermic according to the change in the coordination number. Because of the peculiar features of the two pore systems, water molecules must have different coordination numbers: 2 in MFI-and 4 in CHA-type zeosils. 189 Thus, in the case of MFI structure, the effect of the loss of hydrogen bonds (from 4

to 2) counterbalance the water-surface interaction term giving an important endothermic phenomenon, while in CHA cages it is not the case.

Several molecular simulation studies on reorientation and on hydrogen-bond dynamics of water molecules confined in the hydrophobic pores of zeosils were performed. 185,[191][192][193] The results on the correlation between pore geometry and water molecules organization were obtained by Bushuev and coworkers 191,192 for the intrusion in AFI-, IFR-, MTW-and TONtype zeosils. For narrow channels, a single water chain was found, while bigger clusters of water molecules were obtained for the larger pores of IFR structure. The role of silanol defects was also investigated: these sites, particularly in the pores of IFR-type zeosil allow good clusterization of water molecules, determining the bumper behavior of this system. It was also shown that the intrusion pressure correlates with the free pore volume of zeosil. This result is in agreement with the experimental ones obtained by our team, where lower intrusion pressure for cage-type zeosils were found in comparison with channel-type structures (see section 1.5.1). 176

Intrusion-extrusion experiments with saline aqueous solutions 1.6.1 Influence of saline aqueous solution on intrusion-extrusion

The stored energy is proportional to the intrusion pressure and the intruded volume values (E = P·ΔV). Therefore, two routes are possible to improve the energetic performances of the zeosil-based systems: the increase of the pore volume and the intrusion pressure. The pore volume can be increased by creation of additional micro-, meso-and macropores in the starting material. 194,195 However it was observed that meso-and macropores did not contribute enough in the increase of the stored energy, since the intrusion-extrusion in these pores occurred at very low pressure. Thus, only a small increment of the stored energy was obtained. Otherwise, it is possible to increase the intrusion pressure by replacing water with saline aqueous solutions. Various studies were performed on intrusion of saline aqueous solutions in different hydrophobic solids. 121,175,177,182,[196][197][198][199][200] A considerable improvement of the energetic performances was shown. It was observed that the intrusion pressure could be enhanced up to 7.4 times (see chapter 3). 182 According to the literature, the rise of the intrusion pressure can be explained by the higher surface tension of saline aqueous solution in comparison with water 145,201 , by a confinement effect of nanopore walls, 199 by ion desolvation (see chapter 5) 197,202 and by osmotic phenomena. It should be noted that the osmotic pressure is quite in agreement only with the experimental intrusion pressure values found for low salt concentrations. 203,204 Simulation and experimental works on the intrusion of saline solutions were conducted on different porous materials as pure-and high-silica zeolites or Metal Organic Frameworks (see section 1.8).

In order to better understand the ion transport in nanoporous channels and the influence of their concentration, several works were made on the cation or anion role during the intrusion process. respectively, until the spontaneous water infiltration for CsCl. In order to better understand these results, simulations were made. The authors explain these results by the confinement effect: in a nanochannel there is no place for a complete ion solvation, therefore the cation and the anion should take a favorable energetic arrangement: a linear crystalline-like structure with ordered cation-anion couples separated by a few water molecules. The distance a between two ions in a couple (which depends on the Coulomb attraction and on the van der Waals repulsion in a positive and negative ion couple) and the distance b between two ion couples are different between the salts and they are related with the cation radius. In fact the larger is the positive ion, the larger are the two distances. Since it is easier for a small ion to enter in a nanochannel with a higher frequency, distance b is smaller for salts that have small cations.

Another work on the cation influence on the intrusion-extrusion experiments in MFI-type zeosil 197,198 with highly concentrated solutions of different chloride salts was carried out. The results are presented in Table 1.3. All the systems demonstrate a spring behavior with a considerable increase of the intrusion pressure in comparison with water. The best energetic performances are observed for the saturated solution of lithium chloride which has the highest salt concentration. Han et al. 196 It was shown that the anion size and the salt concentration had an influence on the intrusion pressure. Indeed, for NaCl aqueous solution a rise of the pressure is observed even for a slight increase of NaCl content.

Conversely, if the NaCl concentration is maintained at 20 wt% and NaBr is added to the solution, a significant increment of the pressure is observed only for a great amount of added NaBr. The authors conclude that even if the Na + amount is considerably increased, it is the anion size that determines the intrusion pressure.

The anion concentration can also be tuned using sodium salts with anions with different charge: 206 NaCl, CH 3 COONa, Na 2 SO 4 and Na 3 PO 4 (-1, -1, -2 and -3, respectively). Cl -is the smaller one but it has the same negative charge of acetate anion (-1). Two sodium concentrations were used: 0.5 and 2 M for intrusion experiments in ZSM-5 zeolite (MFItype). For the same cation concentration, the intrusion pressure value increases for higher anion concentration, while for the same anion content higher values are obtained for salts with smaller anions. Other studies on salt concentration and zeolite hydrophobicity 207 confirmed that highly concentrated aqueous solutions give higher intrusion pressures and for the same concentration, a higher values is found for more hydrophobic porous matrix.

LiCl aqueous solutions intrusion-extrusion experiments

The study of the influence of the LiCl aqueous solutions concentration on the energetic performances of zeosil-based systems was performed by our group for several pure-or highsilica zeolites. Lithium chloride was chosen because of its high solubility (up to 20 M) and its strong effect on the increase of the intrusion pressure. It was shown that the intrusion pressure rises with the salt concentration. In some cases, a change in the behavior of the "zeosil-LiCl aqueous solution" systems was observed with the increase of the LiCl concentration. intrusion-extrusion cycle, respectively (when it is not specified it means that all the cycles are superimposable). Here below the results concerning the studies performed before this work are presented. The first investigations on LiCl aqueous solutions intrusion-extrusion were performed on the systems based on MFI-type zeosil (Silicalite-1). The systems showed a spring behavior, but an increase of the hysteresis between the intrusion and the extrusion isotherms was observed with the rise of LiCl concentration. The intrusion pressure and, thus, the stored energy were tripled: 96 MPa and 285 MPa; 9.6 J/g and 31.3 J/g for the "Silicalite-1-water" and "Silicalite-1-20 M LiCl" systems, respectively. 121,197,198 Chapter 1. Bibliography
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A study of the intrusion of LiCl aqueous solutions at different concentrations was also performed for *BEA-type zeosil. A drastic change of the "*BEA-type zeosil-LiCl aqueous solution" system behavior with LiCl concentration was discovered. 177 A bumper behavior with irreversible intrusion is observed when pure water and a 10 M LiCl aqueous solution are intruded, while at higher LiCl concentrations (15 and 20 M), the system behaves like a fully reversible shock absorber. The retention of pure water and low concentrated LiCl aqueous solutions is probably due to the formation of silanol sites from breaking of siloxane bridges during the intrusion step which strongly interact with water molecules. This breaking of siloxane bridges is not observed, when highly concentrated solutions are intruded. The intrusion pressure increases twice from 53 MPa to 115 MPa for the "*BEA-type zeosil-water"

and "*BEA-type zeosil-20 M LiCl" systems, respectively. It was supposed that the drastic transformation of the system behavior was related with a change of the nature of intruded liquid: from water or low concentrated solutions containing non solvated water molecules to solvated Li + and Cl -ions in the case of highly concentrated ones. Under intrusion the solvated ions probably penetrate into the pores without damaging the zeosil framework.

OKO-type zeosil is a hydrophilic material, therefore water fills spontaneously its porosity.

Conversely, a high pressure intrusion is observed with 20 M LiCl aqueous solution. The "OKO-type zeosil-20 M LiCl solution" system shows a combination of bumper and shock absorber behavior in the first cycle (intrusion and extrusion pressures of 162 and 131 MPa, respectively), while in the second one a spring behavior is observed with an intrusion pressure of 143 MPa. The peculiarity of this system is the continuous intrusion between 10 and 120 MPa that was never observed before. 175 High-silica DaY (Si/Al = 110, FAU-type) and H-BEA-150 (Si/Al = 90, *BEA-type) samples were found to be hydrophilic and water fills spontaneously their pores. In the case of LiCl aqueous solutions, a shock absorber behavior is observed for the systems based on FAU-type zeolite for LiCl concentrations from 5 M to 20 M. The intruded volume increases with the salt concentration (0.13, 0.17 and 0.23 mL/g for 5 M, 10 M and 15-20 M aqueous solutions, respectively). 208 It can be supposed that for lower concentrated solutions, water molecules spontaneously fill a part of the porosity. A similar phenomenon is observed for DON-type zeosil (see chapter 4). It is interesting to note that high-silica (Si/Al = 90) *BEA-type zeolite shows spontaneous intrusion of water and low concentrated LiCl aqueous solutions, whereas a spring behavior is observed in the case of the intrusion-extrusion of 20 M LiCl aqueous solution. In contrast to pure-silica *BEA-type zeolite, here almost no hysteresis between the intrusion and extrusion isotherms is observed, but both the intruded volume and the intrusion pressure are considerably lower (115 MPa, 0.16 mL/g and 59 MPa, 0.09 mL/g, respectively).

This can be related with the higher hydrophilic character of H-BEA-150 sample caused by the presence of aluminum species and silanol defects in its framework. This example shows how silanol groups can hugely affect the energetic performance of zeolite in intrusion-extrusion experiments.

Temperature and electric field influence on heterogeneous lyophobic systems

Several studies were conducted on thermal effects on intrusion-extrusion experiments. The importance of this relationship is due to the potential applications of HLSs in volume memory materials and in thermomolecular engines (see section 1.9). Here below only the results on zeolites-based HLSs are described, but some studies on temperature influence were also performed on mesoporous materials 209,210 and Zeolitic Imidazolate Frameworks. 211,212 The experiences with hydrophobic MFI-type zeolite showed that the intrusion pressure decreases significantly with the rise of the temperature. 184 This phenomenon was explained by a decrease of the interaction force between water molecules. 184,213 It should be noticed that the intrusion process has some similitudes with evaporation, thus, the temperature increase facilitates the separation of the molecules from the bulk phase and their penetration inside the pores. 184 On the other hand, Qiao ascribed the pressure diminution to the decrease of the interface tension and therefore to the higher wettability of the material. 213 It was found that the intrusion and the extrusion pressures of water in Silicalite Some studies were also performed on the influence of electric field in the HLSs and on ion transport in nanopores. Systems based on mesoporous silica [216][217][218] , high-silica zeolites 219 and carbon nanotubes 220,221 were investigated. The applied external electric field allows tuning the wettability of the porous material and therefore can influence the intrusion pressure of the saline aqueous solution. In the "mesoporous silica-KCl aqueous solution" system, 216 it was shown that the increase of the applied voltage led to the decrease of intrusion pressure. This result was in correlation with the results on wettability variation on flat surface. Conversely, it was surprisingly found the opposite behavior in "high-silica zeolite Y-LiCl aqueous solution" system: the intrusion pressure increases with the magnitude of the electric field and is not affected by the direction of the bias. 219

Intrusion-extrusion experiments with other liquids

Zeolites [222][223][224][225] , mesoporous silica 164 and carbon nanotubes 226 were tested in intrusionextrusion experiments with non aqueous liquids or their mixtures with water. In this section only the studies on high-or pure-silica zeolites are presented.

Arletti and coworkers studied the behavior of pure-silica ferrierite (FER topology, 2D

channel system) under high pressure in the presence of a mixture of methanol : ethanol : water (16:3:1, m.e.w.) or silicon oil (s.o.) 222 or ethanol and water in proportion of 3 : 1 (e.w.). 225 It was found that silicon oil did not penetrate inside the pores even at extremely high pressure (up to 8.3 GPa). Conversely, some clusters of water molecules from m.e.w. solution penetrate into the pores and remain inside at the release of the external pressure. Water molecules inside the pores can be directly hydrogen-bonded with oxygen atoms of dangling silanol groups, or can interact with other water molecules. This result is different from the one obtained by Cailliez et al. 183 , where the water intrusion process was entirely reversible. This difference can be related with the very high pressure imposed (7.0 GPa against 400 MPa in the work of Cailliez et al.) which favor the creation of additional silanol defects. It was also found that some ethanol molecules were trapped in the porosity in a disordered way. Thus, it was shown that at high pressure bulk-like water clusters could be formed in a narrow 10 MR channel. In this work two ferrierite samples were compared: a natural and a synthetic pure-silica one. The extreme applied pressures lead to a reversible contraction of the volume of the unit cell.

Besides, in the case of the pure-silica sample, which is less rigid, a reversible transition phase is observed at 1.7 GPa: from the orthorhombic to the monoclinic symmetry.

When the same kind of high pressure experiment was carried out on ferrierite in presence of ethanol and water, a contraction of the unit cell and the phase transition were also observed. It was found that both water and ethanol molecules were trapped inside the porosity and they were organized in separated and peculiar arrangement. The water was present in the form of tetramer squares with high intramolecular hydrogen bonds, while the ethanol formed linear dimers. The two species were found in distinct regions of the pore system. This could be a useful route to drive the organization of molecules inside a nano-material.

H-ZSM-5 and Na-ZSM-5 zeolites (MFI topology) were studied as well under high pressure in presence of methanol : ethanol : water (m.e.w.) and silicon oil (s.o). 223 As it was already observed in ferrierite-based experiments, s.o. does not penetrate inside the material. In the case of m.e.w. solution, when the external pressure is released, trapped water molecules were found only in the channels of Na-ZSM-5 zeolite, while in H-ZSM-5 one the process is completely reversible.

ZSM-5 zeolite was also used in the studies on the temperature influence on glycerol intrusion by Zhang and coworkers. 224 Glycerol was chosen for its high viscosity that could allow absorbing a larger amount of energy and for its anti-freezing properties that make it suitable in potential applications below 0 °C. The experiments at 30 °C show a partially irreversible intrusion (i.e., a part of the liquid is not extruded), while increasing the temperature up to 75 °C the trapped volume is reduced and the system turns to be more reversible. This can be explained by the decrease of glycerol viscosity, interfacial tension and strength of hydrogen bonds between the molecules observed at higher temperatures that allow a better outflow of the liquid from the pores. For the same reasons the intrusion pressure decreases with the temperature rise.

Water and saline aqueous solution intrusion-extrusion experiments in MOFs

Metal Organic Frameworks (MOFs) are microporous hybrid inorganic-organic materials constituted by metal ions or clusters coordinated to organic linkers. According to the periodic arrangement of these elements, a 1D, 2D or 3D porous system can be formed and some topologies similar to the ones of zeolites can be found. Due to the hydrophobicity of some organic ligands, some MOFs are interesting to be used in intrusion-extrusion experiments with water and salt aqueous solutions for energetic applications. The linkers confer a particular flexibility to these materials. Indeed, increasing the supplied pressure, a transition from a large pore conformation to the one at closed pores is observed. This contraction is called "breathing" and can be also used for the absorption of mechanical energy. 227,228 The first intrusion-extrusion experiments were performed by our team using ZIF-8 (zinc 2methylimidazolate, SOD topology) which belongs to the "Zeolitic Imidazolate Framework" MOF class. The water intrusion revealed a shock absorber behavior. 229 Despite the quite low intrusion pressure (26.6 MPa), the stored energy is higher (13.3 J/g) than the one for the most of "zeosil-water" systems due to the high intruded volume (0.50 mL/g) of ZIF-8. The experiments on the intrusion of saline aqueous solutions (LiCl, NaCl and KCl) at different concentrations (from 1 M to 4 M) in ZIF-8 and ZIF-71 (cobalt 2-methylimidazolate, SOD topology) materials revealed the increase of the intrusion pressure with salt concentration. The increment of the intrusion pressure was higher for small cations. 230,231 It is worthy to note that the behavior of the "ZIF-8-KCl aqueous solution" system is not affected by the salt concentration, while for the "ZIF-8-LiCl aqueous solution" ones the intrusion becomes irreversible at higher concentrations. "ZIF-8-NaCl aqueous solution" system shows an intermediate behavior between the two former ones. Some works on the water intrusion in various MOFs of different structure and composition were also performed. 212,[232][233][234] The studies of the temperature influence on intrusion-extrusion of water in ZIF-8 and ZIF-67 and their structural evolution were performed by Grosu et al. 211,235 It was observed that during a compression in water, at 360 K an irreversible phase transition of ZIF-8 from a cubic to an orthorhombic symmetry occurred at a quite low pressure (30 MPa), while at lower temperature the material was stable. Besides, a non linear trend of the intrusion pressure evolution with temperature was observed. The pressure increases between 275 and 330 K because the compressibility of ZIF-8 leads to a closed pore configuration (i.e., the pore opening are smaller, thus the intrusion pressure in higher). At higher temperature the pressure and the hysteresis between the intrusion and extrusion isotherms decrease probably because of the lower surface tension of water. 235 The "ZIF-67-water" system shows a reversible shock absorber behavior, but the intrusion becomes irreversible with the temperature rise. 211 An unusual evolution of intrusion characteristics (P int , V int ) with the number of intrusion-extrusion cycles is also observed. All these works show that the temperature is a key parameter that must be considered for future potential applications of MOFs in mechanical energy storage and absorption.

Potential applications of heterogeneous lyophobic systems

In recent years great efforts were made to develop new strategies for clean and sustainable energy production, consumption and storage. The most exploited energies are the electric and the mechanical ones. The energy conversion and transfer from the source to the required form represent one of the causes of energy loss and waste. 236 Heterogeneous lyophobic systems (HLSs) based on high pressure intrusion of nonwetting liquid in a porous lyophobic matrix are one of the promising technologies for mechanical energy absorption or storage. 153,154,237,238 Eroshenko was the first who proposed possible applications for HLSs and many conceptions of compression-decompression that corresponds to the car lifetime. 242 The HLSs could be also used as bumpers, anti-seismic and wind-induced protections. 242 Some other designs of energy absorbing devices were proposed, for example, a micro-truss filled with nanoporous solid and a nonwetting liquid for efficient energy absorption for high-performance systems for blast and kinetic energy absorption. 243,244 The storage of mechanical energy is one of the most promising applications of heterogeneous lyophobic systems. Some examples of their use are proposed in the series of classified patents. 150,151,153,154 A useful aerospace application is found in the HLS-based selfcontained actuator proposed by Eroshenko. 154,239,245 This device comprised by a "cylinderpiston with a rod" system can be placed on satellites and spacecrafts and controlled by Earth in order to deploy solar panels or operating optical instruments. This instrument shows considerably higher energy density and it is also four times lighter than conventional analogues based on springs. These systems could also be used as batteries to store and liberate mechanical energy. 154 Eroshenko 154 and then Qiao and coworkers dedicated several studies on volume memory devices based on HLSs in which the liquid is responsive to the temperature or to an external electric field. 199,214,219,246 These devices demonstrate considerably higher energetic performances in comparison with the ones based on other principles (shape-memory alloys, ceramics etc.) and can provide large displacements over broad temperature and/or voltage ranges.

Temperature dependence of the solubility of salt can be also used to tune the energetic parameters of the system. 215 This kind of devices can be used in various thermal actuators and locks. The design of a new type of thermal lock was proposed by Eroshenko 154,239 and based on the following principle. An alloy (or an eutectic) is pumped into the matrix pore space at a higher temperature than its point of crystallization, then at this compressed state is cooled down to the environmental temperature to the solidification. As soon as the temperature rises to the melting point of the alloy, it will liquefy and under the capillary pressure will be thrown out from the matrix pore space. In such way the piston displacement may relieve the cooling agent (e.g., water or foam) to eliminate the source of overheating. Such "thermal lock" is fully autonomous and does not require any additional sensors. The above described system is successfully employed to create the thermal sensitive trigger device to be used in the field of nuclear energy, namely for the emergency protection systems of the nuclear reactors from the overshooting of the security temperature level. It can be also used to protect the chemical, technological and other energy equipment as regards to their temperature level.

Inspired by Eroshenko's works 239,247 , Laouir et al. 248 performed thermodynamic and energetic analysis of the feasibility and ideal performance of thermal machines based on the wetting phenomenon, in particular on HLSs ability to converse thermal energy to mechanical one. The conception of thermomolecular engine was discussed further by Eroshenko. 239 These thermal machines are based on the following principle: at low temperature the pressure of the internal system is lower than the one required for the liquid intrusion into the pores. When the system is heated, the necessary intrusion pressure decreases until it reaches the value of the internal system pressure. In this moment the liquid is intruded into the porosity. Then the working medium is cooled down causing the extrusion of the liquid and the lowering of the pressure to the initial value. Thus, during the extrusion step, the system performs a mechanical work. 239 It should be noted that lyophobic systems are particularly interesting for the generation of mechanical energy from low temperature "waste" heat.

The peculiar extremely high negative thermal expansion (the system size decreases increasing the temperature) of these systems was also studied on mesoporous silica 249 and on MOFs. 212 If coupled with traditional positive thermal expansion materials, the systems with controlled or zero expansion could be created for applications in electronic, mechanics and medical fields.

Chapter 2. Experimental techniques

Introduction

The characterization and the experimental techniques used during this work are described in this chapter. The samples of pure-silica zeolites were fully characterized before and after the intrusion-extrusion experiments by various structural and physicochemical methods: X-ray diffraction (XRD), scanning electron microscopy (SEM), N 2 adsorption-desorption, thermogravimetric (TG) analysis and 29 Si solid-state nuclear magnetic resonance spectroscopy (NMR). The intrusion-extrusion experiments performed by a use of mercury porosimeter are also described.

Prior to the analyses, the samples (nonintruded and intruded-extruded ones) were stored in a 80 % relative humidity atmosphere for 24 h in order to set the hydration state.

X-Ray Diffraction (XRD)

X-ray diffraction is a technique that allows to identify crystalline phases in the sample and to evaluate the crystallinity degree of a material. It can also reveal the crystallites size, the cells parameters and the presence of slight distortion in the material framework. This analysis performed after the intrusion-extrusion experiments allows to detect modifications on the long-range order of the structure of the material.

During this work, most of the samples have been analyzed by powder X-ray diffraction recorded on a STOE STADI-P diffractometer in the transmission scan mode equipped with a curved germanium (111), primary monochromator and a linear position-sensitive detector (6° 2θ) using CuKα 1 radiation (λ = 0.15406 nm). Measurements were performed for 2θ angle values in the 3-50° range, step 0.2° 2θ and time/step = 10 s. In order to obtain a better resolution (for Si-LTA, Si-MTF, Si-CDO and Si-BEC samples) the same device has been used in the Debye-Sherrer geometry and measurements were performed with a step of 0.1° 2θ and time/step = 80 s.

In the case of Si-ITH samples X-ray diffraction patterns were collected on a PANalytical MPD X'Pert Pro diffractometer operating with CuKα radiation (Kα = 0.15418 nm) equipped with an X'Celerator real-time multiple strip detector (active length = 2.122° 2θ). The powder pattern was collected at room temperature in the range 3-50°, step = 0.017° 2θ with time/step = 220 s and the total collecting time of about 90 minutes.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is a technique that allows to obtain information about the size and the morphology of the sample. The sample is subjected to an electron beam and scanned in a raster scan pattern and the beam's position is combined with the detected signal (the scattered and the secondary electrons emitted by the sample) to produce an image. Since zeosils are not conductive, they had to be covered by a thin gold layer (10-20 nm) by magnetron sputtering. In order to remove a part of the electron beam, the sample is placed on a holder with a doubled-sided conductive adhesive. During this work a Philips XL 30 FEG microscope was used.

N 2 adsorption-desorption measurements

Nitrogen adsorption-desorption is a technique which allows to determine the textural properties of a porous material such as specific surface area, microporous volume, pore size and distribution.

During this work, nitrogen adsorption-desorption isotherms were performed at 77 K using a Micromeritics ASAP 2420 apparatus. Prior to the adsorption measurements, the nonintruded sample were outgassed at 90 or 300 °C overnight under vacuum. The intruded-extruded samples were outgassed at 90 °C overnight to avoid the dehydroxylation process. After the outgassing process, the samples (~ 50 mg of product) are subjected to a definite pressure (p i ) of nitrogen in gas phase at 77 K. This pressure decreases due to the adsorption of a quantity of nitrogen inside the porosity of the material until an equilibrium value (p). p ip difference allows to determine the amount of adsorbed gas. Thus, a nitrogen adsorption-desorption isotherm is recorded as a function of the nitrogen relative pressure (p/p 0 , where p 0 is N 2 saturated vapor pressure at 77 K) and it represents the gas adsorbed volume per gram of zeosil under standard temperature and pressure conditions (cm 3 /g STP). The specific surface area and the microporous volume (V micro ) were calculated using the BET and t-plot methods, respectively.

Thermogravimetric (TG) analysis

This technique is based on the measurements of the sample weight loss in function of the temperature. It allows to obtain the information on the content of water or organic molecules and silanol defects present in the sample.

Thermogravimetric (TG) analyses were carried out on a Mettler Toledo STARe apparatus, under air flow, with a heating rate of 5 °C/min from 30 to 800 °C. During this work around 10 mg of product were placed in an alumina pan. The resulting weight loss curve was obtained by subtracting of the curve of an empty pan from the one of the sample in order to remove the mass variations due to the modifications related to the pan.

2.6 29 Si Solid-State Nuclear Magnetic Resonance Spectroscopy (NMR)

The nuclear magnetic resonance spectroscopy (NMR) provides structural and chemical information about the molecules in the liquid and solid state (short-range order), in particular on the chemical environment of the atoms. This technique is based on the nucleus (with magnetic moment) spin precession when it is subjected to a magnetic field.

In this technique, since the sample is in the solid state, the Brownian motions can not be exploited to have a homogeneous specimen that allows to obtain a high resolution of the observed resonances as in the liquid NMR. Thus, it is necessary to rotate at high speed the sample at "a magic angle" of 54.7 ° related to the direction of the external magnetic field. At this angle the dipolar coupling terms and the crystals anisotropy are removed, giving well defined peaks on the spectrum.

In this work two different techniques were adopted: 29 Si MAS (Magic Angle Spinning) NMR (quantitative technique) and 1 H- 29 Si CPMAS (Cross Polarization at Magic Angle Spinning)

NMR. In the former the polarization of silicon atoms is directly recorded, while in the latter the polarization of a copious element (normally 1 H) is transferred to a rarer one ( 29 The spectra were recorded with a short contact time (1 or 8 ms, the time in which the transfer of polarization occurs) in order to enhance the signal of silicon atoms that bear protons and consequently to get evidence of the presence of silanol groups. 1 H- 29 Si CPMAS NMR does not provide quantitative results; however, it allows a relative comparison of the spectra if they were registered under the same conditions.

During this work, 29 Si MAS and 1 H- 29 Si CPMAS NMR spectra were recorded at room temperature on a Bruker Advance II 300 MHz spectrometer, with a double-channel 7 mm Bruker MAS probe. An example of the recording conditions is given in Table 2.1. These conditions are similar for every sample analyzed during this work.

Table 2.1. Recording conditions of the 29 Si MAS and 1 H- 29 Si CPMAS NMR spectra. 

Mercury porosimeter and intrusion-extrusion experiments

The intrusion-extrusion of water and LiCl aqueous solutions in the zeosil samples in the form of compressed and preliminary outgassed (300 °C) pellets, was performed at room temperature using a Micromeritics mercury porosimeter (Model Autopore IV which can afford a pressure comprised in the range from 0.2 to 400 MPa). The cell containing the "zeosil-water/LiCl aqueous solution" system consists in a polypropylene cylinder of 2 mL sealed by a mobile piston (Figure 2.1a). This cell is introduced in the 15 mL glass cell of the porosimeter which is filled with mercury ( In order to denote the pure-silica character of the materials, the samples of the tested zeosils are presented as "Si-CODE-type" zeosil, e.g., Si-MTF for MTF-type one. Some experimental details should be reminded: three intrusion-extrusion cycles were performed for every "zeosilnonwetting liquid" system. For clarity, if the cycles are superimposable, only one or two cycles are presented on the figures. The 0-5 MPa range on the pressure-axis is not shown, since the observed volume variation is related to the filling of the interparticular porosity of the zeosil pellet by the liquid.

3 Chapter 3. Comparison of the energetic performances of zeosils with a cage system and 8 MR pore openings

Introduction

This chapter describes the energetic performances of pure-silica zeolites characterized by a cage system and 8 membered-ring pore openings. The following structures were studied:

CHA, ITE, LTA and DDR. For every zeosil a brief description of the framework is presented, followed by the intrusion-extrusion results and a detailed characterization of the samples before and after the intrusion experiments. Pure-silica chabazite (Si-CHA here below) crystallizes in the trigonal symmetry (space group R-3m) with the following cell parameters: a = 13.52923(8) Å, c = 14.74828( 13) Å with a framework density of 15.4 T / nm 3 , where T = TO 4 tetraedra units. 1 The structure contains only one crystallographic non-equivalent silicon site. This zeosil was already studied by our group in water intrusion-extrusion experiments. 4,5 In order to go further in the investigations, the experiments with LiCl aqueous solutions have been performed in this work.

Energetic performances of Si-CHA-based systems

The whole of these results were published in New Journal of Chemistry (New J. Chem., 2017, 41, 2586). This publication is printed to this manuscript.

ITE-type zeosil 3.3.1 Description of the ITE-type framework

ITE-type zeolite was synthesized for the first time in pure-silica form by Camblor et al. 6 It is characterized by [4 6 5 8 6 4 8 4 ] cages that form a two-dimensional porous system along b and c direction with 8 MR pore openings with a size of 3.8 x 4.3 Å 2 and 2.7 x 5.8 Å 2 (see Figure 3.2), respectively. A peculiar feature of this structure is that the same cages are found in RTH topology, but differently organized. The largest cavity diameter is 8.9 Å. 2 2) Å. 6 The framework density is 16.3 T / nm 3 .

Synthesis of the zeosil

Two syntheses were performed with the use of different structure-directing agents (see

Annex I).

Protocol A:

The Si-ITE sample was synthesized in fluoride medium according to an adapted (time reaction) procedure published by Camblor et al. were very similar for the calcined intruded sample and nonintruded ones (see Annex I). † We would like to thank Professor Camblor for his help for the synthesis product.

Intrusion-extrusion isotherms

The pressure-volume diagram of the "Si-ITE-water" system is shown in Figure 3.3 and the corresponding characteristic data are reported in Table 3.1. Water intrusion-extrusion experiments in Si-ITE sample reveale a reversible spring behavior with an intrusion pressure of 32 MPa and an intruded volume of 0.10 mL/g. The density of the stored energy is 3.2 J/g, which is relatively a low value compared to the results obtained for other "zeosil-water" systems, see Table 1.2. The low intrusion pressure value was expected in spite of narrow pore openings, since ITE-type zeosil has a cage system. 7 A comparison of the energetic performances of cage-type zeosils is presented at the end of this chapter.

X-Ray Diffraction

The XRD patterns of the calcined pure-silica ITE samples are reported in Figure 3.4. The patterns can be indexed in the orthorhombic symmetry (space group Cmcm). However two small peaks corresponding to unidentified impurities are observed at 7. *: unidentified impurities.

Scanning Electron Microscopy

The Si-ITE samples were examined by scanning electron microscopy before (Synthesis A- 

N 2 adsorption-desorption isotherms

The 

Thermogravimetric analysis

The experimental results issued from the thermogravimetric analysis of the Si-ITE samples before and after intrusion-extrusion experiments are depicted in Figure 3.7. The total weight loss ranges from 0.8 wt% before the experiment to ~ 2.0 wt% for the water intruded sample, confirming the high hydrophobic character of this material. The weight losses occur in two main steps even if a small decrease is observed at temperature > 650 °C, probably related with the condensation of the most stable silanol groups. The first loss situated between 30 and 150 °C, is ascribed to the desorption of the physisorbed water molecules and corresponds to ~ 0.40 wt% for the sample before the intrusion-extrusion cycles. Since this weight loss is more important for the intruded sample (see Figure 3.7), it can be supposed that it becomes more hydrophilic after the intrusion experiments. The weight loss (0.3 wt%) observed between 150 and 600 °C for the nonintruded sample can be assigned to water arising from dehydroxylation reactions and attributes ~ 1 -OH group per unit cell (Si 64 O 128 ). For the intruded sample, the weight loss ascribed to the physisorbed water is situated between 30 and 220 °C and corresponds to 1.0 wt %. The following weight loss of 0.6 wt % in the temperature range of 220-500 °C with a clearly pronounced step is ascribed to water from dehydroxylation and corresponds to ~ 2.5 silanol groups per unit cell. Thus, it can be concluded that only few defects are created during the high pressure intrusion of water. 

29 Si MAS NMR spectroscopy

The 29 The 1 H- 29 Si CPMAS NMR spectra are not shown for the Si-ITE samples because of their low quality. Consequently, it was difficult to extimate the presence of defect sites (silanol groups).

LTA-type zeosil

Description of the LTA-type framework

LTA-type zeolite is one of the most exploited zeolite in the industrial field. It was synthesized in its pure-silica form by Corma et al. 8 The structure can be described as a threedimensional network of spherical cavities with a size of 11.7 Å (see ref.

2 ) (α-cavity, see Figure 3.9a), interconnected by six 8 MR windows with a size of 4.1 x 4.1 Å 2 . This structure can also be described in terms of sodalite cages (β-cages), which are connected through the square faces with each other, forming double four-ring units (D4R) (Figure 3.9b). 8 The synthesis of the organic template is described in Annex I. Pure-silica LTA-type zeolite crystallizes in the cubic symmetry (space group Pm-3m) with cell parameter a = 11.867 Å. 8 Its framework density is 12.9 T / nm 3 .

Energetic performances of Si-LTA-based systems

The whole of these results were published in The Journal of Physical Chemistry C (J. Phys. Chem. C 2015, 119, 28319-28325). This publication is printed to this manuscript.

DDR-type zeosil 3.5.1 Description of the DDR-type framework

Deca-dodecasil 3R (DDR topology) was synthesized for the first time by Gies 9 in 1986.

This material is presented by the author as a link between clathrasils and zeolites. The author states that in the as-synthesized form the material belongs to the clathrasil family, since the organic templating molecules are blocked inside the cages of the framework, while after thermal treatment the porosity is liberated transforming the clathrasil into a zeolitic material.

The structure of this zeosil is composed by three kinds of cages shown in Figure 3.10, the unit cell contains 6 decahedron, [4 3 5 6 6 1 ] cages, 9 dodecahedron [5 12 ] cages and 6 19-hedron [4 3 5 12 6 1 8 3 ] cages (where n m means: m is the number of n member ring defining the faces of the cage). 10 The decahedron and dodecahedron cages with a volume of 35 and 70 Å 3 , respectively, are not accessible to adsorption-desorption measurements since the cage openings (4-6 MR) are too small. The volume of the 19-hedron cage is close to ~ 350 Å 3 with a diameter of 8.3 Å. 2 The three cages give a theoretical total porous volume of ~ 2940 Å 3 per unit cell. 9 This volume can be converted in cm 3 /g, obtaining thus ~ 0.24 cm 3 /g, where 0.17 The larger cages are connected by 8 MR pore openings of 3.6 x 4.4 Å 2 size that lead to a twodimensional pore system perpendicular to the c direction (see Figure 3.11). 8) Å. 9 The framework density is 17.9 T / nm 3 .

Synthesis of the zeosil

The Si-DDR sample was synthesized according to an adapted procedure published by Gies. 9

The reactants used were: Aerosil 130 (Evonik) as silica source, 1-adamantylamine (ADA, Sigma-Aldrich, 97 %) as SDA and ethylendiamine (ED, Sigma-Aldrich, > 99 %). The starting gel (molar composition: 1 SiO 2 : 0.4 SDA : 4 ED : 60 H 2 O) was introduced in a Teflon-lined stainless-steel autoclave and heated at 180 °C during 20 days. After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end, the solid was calcined at 750 °C under air for 8 hours to completely remove the organic template. As it will be shown below, the DDR zeosil was obtained.

Intrusion-extrusion isotherms

Because of the small amount of the obtained product, only intrusion-extrusion experiments with LiCl aqueous solutions were performed in this work. The results for water intrusionextrusion in DDR-type zeosil (Si-DDR here below) previously obtained by our group 7,11 were used as reference, since the sample synthesized in this work and the previous one have very similar features. The pressure-volume diagrams (intrusion-extrusion isotherms) of the "Si-DDR-LiCl aqueous solutions" systems are shown in Figure 3.12 and the corresponding characteristic data are reported in Table 3.2. # the "Si-DDR-20 M LiCl" system was subjected to 6 cycles; the results of the cycles II-VI were superimposable.

The "Si-DDR-water" system shows a reversible spring behavior, since the intruded liquid is completely extruded. The liquid is intruded at 60 MPa and extruded at 51 MPa in every cycle.These values are quite high comparing to the ones obtained for other cage-type zeosils (see Table 1.2). The characterization results (not shown, see ref. 11 ) indicate that the structure is not affected by the high pressure intrusion-extrusion. On the other hand, the intrusion of LiCl aqueous solutions is slightly irreversible in the first cycle. Compared to the water intrusion, the "Si-DDR-10 M LiCl" system shows a huge rise (multiplied by 3.2 times) of the intrusion pressure value (193 MPa) in the first cycle, while it becomes lower in the next ones (166 MPa). The intruded volume in the first cycle is 0.08 mL/g, that is lower than the one found for water intrusion (0.112 mL/g). The two values are quite consistent with the microporous volume observed after the intrusion-extrusion cycles (see below), since it is known that the density of the water intruded in the hydrophobic zeosil pores is generally about 0.6 g/cm 3 . 12 A very small part of the intruded solution (~ 0.01 mL/g) is not extruded at the end of the first cycle, whereas in the following cycles the intrusion is fully reversible (V int = 0.07 mL/g) with no hysteresis between intrusion and extrusion isotherms. Thus, the "Si-DDR-10 M LiCl" system mainly shows a shock absorber behavior in the first cycle, while a perfect spring behavior is observed in the second and in the third cycles.

The "Si-DDR-20 M LiCl" system in the first cycle is characterized by the highest intrusion pressure value ever observed (357 MPa) for a zeosil-based system and moreover by an enormous intruded volume, 0.26 mL/g. This value could be affected by a certain imprecision, but the order of magnitude is correct, since this result was reproducible twice on two different samples (see section 3.5.4). The intruded volume value is not consistent with the microporous one determined from N 2 adsorption-desorption measurements (0.26 against 0.15 cm 3 /g, respectively). This could be due to the extraordinary high pressure that force the aqueous solution inside the cages that are not accessible by N 2 molecules during the adsorptiondesorption analysis. This hypothesis is supported by the available total porosity per gram given in the previous section that is on the same order of magnitude (0.24 cm 3 /g). The extrusion of the liquid seems to occur in different steps even if they are not well pronounced (in Table 3.2 the P ext value observed at the half of the extruded volume is given). The corresponding extrusion pressures range from 75 to 275 MPa, probably because the liquid is intruded into small cages that hinder the outflow. Similar, but more pronounced phenomenon has been observed for the "Si-MTF-15 M LiCl" system (see section 4.2.3). The extrusion is not totally complete, a very small volume of the liquid (~ 0.02 mL/g) remains inside the pores. Thus, as mentioned before for "Si-DDR-10 M LiCl" system, mainly a shock absorber behavior is observed in the first cycle, while in the following ones the system shows an exceptionally reversible shock absorber behavior with a yield of 51 %, which is a quite good value for a shock absorber behavior. It should be noticed that such a shock absorber behavior with large hysteresis is not typical for zeosil-based systems. Due to the extraordinary intrusion pressure and intruded volume values observed, the highest absorbed energy values ever obtained for a zeosil-based system have been recorded for "Si-DDR-20 M LiCl" system: 93 and 61 J/g for the first and the following cycles, respectively.

X-Ray Diffraction

The XRD patterns of pure-silica DDR-type zeosil samples are reported in Figure 3. between these XRD patterns and the one of the as-synthesized (not calcined, containing the organic template) sample, in particular for the "Si-DDR-20 M LiCl" sample. Most of the similarities are observed in the 14 -31° 2θ range (Figure 3.14). The positions (but not the shape) of some peaks are slightly different from the one found in the XRD pattern of the assynthesized sample. This could be ascribed to the slight change in the cell parameters that are, anyway, more similar to the ones of the as-synthesized product than to the calcined one (see Table 3.3). Instead, the pattern of the sample intruded with the 10 M LiCl aqueous solution seems to be a mix of the ones of the calcined and of the 20 M LiCl aqueous solution intruded samples. This feature is well visible in the range of 26.5-27.5° 2θ, where two single peaks found in the patterns of the calcined sample and in the 20 M LiCl aqueous solution intruded one are splitted in two double peaks in "Si-DDR-10 M LiCl" pattern and each component corresponds to a single peak found in the others patterns. Therefore, XRD analysis seems to indicate that in the 20 M LiCl aqueous solution intruded sample the "as-synthesized component" is predominant, while for the 10 M LiCl aqueous solution intruded one there is a mix between the as-synthesized and the calcined one, but the latter is the more visible.

The reason of this result could be due to the difference in the intrusion pressure that forces the intruded liquid (which in part remains trapped inside the porosity) in different regions of the porosity. Indeed it could be hypothesized that the remained water molecules or Li and Cl ions trapped inside the porosity lead to a modification of the XRD pattern as it was observed for the as-synthesized material with the organic structure-directing agent.

This hypothesis could be supported by the XRD pattern of the Si-DDR sample intruded with 20 M LiCl aqueous solution that calcined at 350 °C (not shown) is superimposable to the one of the calcined sample before the intrusion. This seems to confirm that the molecules from the liquid in the intruded sample play a similar role as the template in the as-synthesized material.

Another explanation could be ascribed to the higher pressure observed during the 20 M LiCl aqueous solution intrusion that leads to the distortions of the unit cell. When the cell parameters of the as-synthesized and of the calcined products are converted from the trigonal to the rhombohedral symmetry, only a slight difference (0.5 %) is observed between the a rhomb. unit cell parameters (15.832 Å and 15.919 Å, respectively). A more pronounced variation (~ 1.6 %) is found for α rhomb. angles (52.022 °and 51.186 °, respectively). Thus, the two unit cells are quite similar except for the distortion of the α rhomb angle. Since the XRD pattern of the sample after 20 M LiCl aqueous solution intrusion-extrusion is more similar to that of the as-synthesized one (as it is shown in Figure 3.14 and in Table 3.3), it is probable that the high pressure and/or the slightly amount of the non extruded liquid induce a distortion of the unit cell leading to an angle more similar to the one of the as-synthesized material (a rhomb. = 15.821 Å and α rhomb. = 51.935 °). Surprisingly, after three cycles the long-range order is not affected, the XRD pattern is similar to that of the calcined sample. Only after six cycles, a change is observed (XRD patterns similar to that of the as-synthesized sample). The fact that the change in the structure occurs after different number of cycles (three and six cycles for a mildly (10 M) and a highly (20 M) concentrated solution, respectively) could indicate that the nature of the liquid leads to a different interaction with the pore walls of the material. When 10 M LiCl aqueous solution is intruded, a higher amount of free water molecules can interact with the cage walls, whereas for 20 M LiCl aqueous solution, all water molecules are probably included in the solvation sphere of the ions, thus more cycles are required to affect the zeosil framework.

Scanning Electron Microscopy

The Si-DDR samples were examined by scanning electron microscopy before (Figure 

N 2 adsorption-desorption isotherms

The 

Thermogravimetric analysis

The experimental results issued from the thermogravimetric analysis of the Si-DDR samples before and after the intrusion-extrusion experiments are depicted in Figure 3.17 3.5.8 29 Si MAS NMR spectroscopy

The 29 1, -112.8, -113.5, -119.2, -121.3 and -122.7 ppm corresponding to Q 4 groups that can be ascribed to the seven non-equivalent crystallographic silicon sites of the DDR framework. 13 The approximate relative intensities of these six resonances found by deconvolution of the spectrum are 1 : 3 : 9 (3+6) : 3 : 3 : 1 which is in perfect agreement with the number of equivalent crystallographic sites for each non equivalent crystallographic position: 6 : 18 : 54 (18 + 36) : 18 : 18 : 6. The sharp peaks indicate a good crystalline order.

After LiCl aqueous solution intrusion-extrusion experiments, some important differences are observed in the spectra confirming thus the modifications occurred in the zeosil framework.

Eight resonances are observed at -111.0, -113.0, -113.5, -119.0, -120.8, 121.3, -122.6 and -123.1 ppm for the 20 M LiCl aqueous solution intruded sample. After the intrusion the peaks become broader and three of them, situated between -110.0 and -115.0 ppm, are also shifted further downfield. This spectrum resembles to the one found in literature 13 for the assynthesized DDR-type zeosil even if it maintains some features of the calcined one (more visible than in the XRD pattern, since NMR technique is more sensitive). In fact, the NMR spectrum of the 20 M LiCl intruded sample corresponds to a mixture of the spectrum of the calcined sample with a form similar to the as-synthesized one (see arrows, Figure 3.18).

Conversely, the spectrum obtained for the sample after the 10 M LiCl aqueous solution intrusion experiment seems to be intermediate between the ones of the 20 M LiCl aqueous solution intruded sample and the calcined (predominant) one. Therefore, these results confirm the ones found in the XRD analysis. No resonance corresponding to Q 3 or Q 2 sites is observed, indicating that the amount of defect sites is too low to be detected by this technique.

This result is quite surprising since TG curves indicate a quite significant content of ≡Si-OH groups corresponding to ~ 6 % of the total 29 Si observed signal for the "Si-DDR-20 M LiCl" sample. It cannot be excluded that at high temperature, the weight loss could be partially ascribed to water molecules trapped inside the small cages that are hydrogen-bonded to other water molecules or to silanol groups.

Figure 3.18. 29 Si-MAS NMR spectra of the Si-DDR samples before and after three and six intrusion-extrusion cycles in 10 M and 20 M LiCl aqueous solutions, respectively. Arrows correspond to components of the assynthesized DDR zeosil (compare with ref. 13 ).

Chapter 3. Comparison of the energetic performances of zeosils with a cage system and 8 MR pore openings 98 3.5.9 1 H- 29 Si CPMAS NMR spectroscopy

The corresponding 1 H- 29 Si CPMAS NMR spectra of the Si-DDR samples are shown in 

Conclusion

A study on high pressure intrusion-extrusion of water and LiCl aqueous solutions in CHA-, DDR-, ITE-and LTA-type zeosils has been performed in this chapter. These four zeosils display a cage structure with 8 MR pore openings. The pore system is two-dimensional in the case of DDR and ITE topologies and it is three-dimensional for CHA-and LTA-type zeosils.

Water intrusion occurs at relatively low pressure for CHA-, ITE-and LTA-type zeosil based systems (29, 32 and 20 MPa, respectively), while the "Si-DDR-water" system shows a higher intrusion pressure of 60 MPa. These values are lower than the ones obtained (see chapter 4)

for channel-type zeosils even with larger pore openings. This is consistent with our previous results. The intrusion pressure of water in the cage-type zeosils depends on the cage diameter (d) and not on the pore opening size 7 , whereas for channel-type zeosils it is the channel diameter which determines the intrusion pressure. The evolution of the intrusion pressure with cage diameter is shown in Figure 3.20. It can be seen that the dependence P int -1/d is quite close to linear except the result obtained for Si-DDR, which shows higher intrusion pressure.

These correlations were also confirmed by computer simulation. 14 For the other "zeosil-20 M LiCl" systems this value rises in 5.6 and 6.0 times for CHA-and DDR-type zeosils, respectively. Therefore, the increase of the intrusion pressure with LiCl concentration, compared to water, is more important in the case of cage-type zeosils than for channel-type ones (see ref. 15,16 and chapter 4). Since the increase of the intrusion pressure is probably due to the partial ion desolvation (see chapter 5), the higher increase of the pressure observed for the systems based on cagetype zeosils could be related with the small pore openings, where the intruded solvated ions should be more deformated to penetrate through these openings. water" one it is partially irreversible. Conversely, the intrusion is entirely irreversible in LTA-based system. The irreversibility of the behavior is probably related to the higher amount of defect sites that are formed during the high pressure experiment.

A change of the system behavior with the salt concentration was observed for CHA-and LTA-type zeosils. The intrusion of LiCl aqueous solutions in these materials makes the intrusion more reversible. The "Si-CHA-LiCl aqueous solution" systems demonstrate an entirely reversible shock absorber behavior, while the intrusion in LTA-type zeosil became only partially reversible. In our previous works, [16][17][18] the change of the system behavior was ascribed to the difference in the nature of the intruded liquid. ) are intruded with no free or weakly bounded water molecules which can break siloxane bridges. 16 In the case of the materials where hydrophilic silanol defects are already present (CHA-type zeosil), the change of the behavior can be also related with weaker interaction of silanol groups with the solvated ions from concentrated solutions in comparison with free water molecules from diluted ones.

Conversely, in the case of DDR-type zeosil, a part of the intruded liquid is trapped inside the porosity, when LiCl aqueous solutions are used at least for the first intrusion cycle. This is probably related with the high intrusion pressure values (193 and 357 MPa for 10 M and 20 M LiCl aqueous solutions, respectively) that induce defect sites in the zeolite structure, even in the case of LiCl aqueous solutions intrusion, which can retain the intruded liquid. It is worth to note that for the next intrusion cycles the "Si-DDR-LiCl aqueous solution" systems seem to be completely reversible.

The "cage-type zeosils-20 M LiCl" systems can store or absorb quantities of mechanical energy among the highest ever observed for heterogeneous lyophobic systems (24.3 and 32.6 J/g for CHA-and LTA-type zeosil, respectively), because of the high intrusion pressures and significant (for zeolite-based systems) values of intruded volume. Extremely high energetic performances have been obtained for "Si-DDR-20 M LiCl" system: extremely high intrusion pressure (357 MPa) and high intruded volume (0.26 mL/g) allow to achieve an extraordinary absorbed energy density (93 J/g in the first cycle). The particularity of this system and DDR structure should be studied more thoroughly in future works.

Chapter 4. Comparison of the energetic performances of zeosils with a channel system

Introduction

This chapter describes a study on intrusion-extrusion of water and LiCl aqueous solutions in pure-silica zeolites characterized by a channel system. The following topologies have been studied: MTF, CDO, ITH, CFI and DON. For every zeosil a brief description of the framework is presented, followed by the results of intrusion-extrusion experiments and the detailed structural and textural characterizations of the samples before and after the experiments.

MTF-type zeosil 4.2.1 Description of the MTF-type framework

The zeolite with MTF topology was synthesized for the first time in 1999 by Plévert et al. 1 in the high-silica form (UTM-1) and by Barret et al. ) can be assigned. 2 The framework density is 20.6

T / nm 3 , where T = TO 4 tetrahedral unit.

Synthesis of the zeosil

MTF-type zeosil was obtained according to two different modified (no seeds were used) protocols proposed by Barret et al. 2 The fluoride route was chosen in this work in order to obtain a highly hydrophobic material (less structure defects). The detailed description of the synthesis procedure and its strategy is given below. Barret et al. 2 showed that both NH 4 F and HF (synthesis A and B) can be used as F -anion source.

Protocol A:

The reactants used were: Ludox-AS 40 (Sigma-Aldrich) as silica source, The intrusion of water and 10 M LiCl aqueous solution is completely reversible, the corresponding systems demonstrate a spring behavior with intrusion pressure values of 125 and 237 MPa, respectively. The behavior of "Si-MTF-15 M LiCl" system is particular: the intrusion proceeds gradually from ~ 240 MPa to 390 MPa (limit of our experimental device)

with extremely high intrusion pressure value of 348 MPa, whereas the extrusion seems to take place in two distinct steps. The first one corresponds to the extrusion of 0.007 mL/g and occurs at the same pressure than the intrusion one (P ext1 = 348 MPa), while the second extrusion step is observed at a considerably lower pressure (P ext2 = 32 MPa). Thus, the system shows a combination of spring and shock absorber behavior that has never been previously observed. This unusual two-step extrusion can be related with the side-pocket channels of the MTF structure. It could be ascribed to the strong pressure that forces the liquid inside the side pockets of the long one-dimensional channels. The small pore windows could partially hinder the outflow of the intruded liquid giving rise to the delay in the extrusion step. It could be also supposed that a part of intruded solvated ions have a certain affinity to the pore walls, probably in the side pockets. Thus they are expelled less easily than the other part of the intruded liquid.

Therefore it seems that the zeosils with side-pocket channels demonstrate quite different behavior (totally or partially irreversible intrusion) in comparison with other 1D channel zeosils

The low intruded volume (~ 0.01 mL/g) is consistent with the microporous volume determined by N 2 adsorption-desorption (see below) that does not allow to store a significant amount of mechanical energy.

A comparison of the energetic performances of channel-type zeosils is presented at the end of this chapter.

X-Ray Diffraction

The XRD patterns of pure-silica MTF samples are reported in Figure 4.4. The patterns are recorded in a Debye-Scherrer geometry using a capillary tube and can be indexed in the monoclinic symmetry (space group C2/m). 2 Before the intrusion-extrusion experiments the baseline is not flat and the quality of the XRD pattern is lower than for the intruded samples.

This phenomenon can be probably related to the difficulty in filling the glass capillary (this experience has been repeated twice) because of the powder texture. This hypothesis is supported by the fact that for the pattern of the same sample recorded in transmission mode, the baseline is flatter (see Annex II) even if recorded in less accurate analysis conditions. The XRD patterns before and after the intrusion-extrusion experiments are quite similar, which means that at the long-range order the structure is not affected. 

Scanning Electron Microscopy

The crystal morphology of Si-MTF samples was studied by scanning electron microscopy before (Figure 4.5a) and after ( 

N 2 adsorption-desorption isotherms

The N 2 adsorption-desorption isotherms of the nonintruded and 10 M LiCl aqueous solution intruded (as example) samples are shown in Figure 4.6. The values of the BET surface area and the microporous volume of the nonintruded and intruded samples are similar and very low: ~ 30 m 2 /g and ~ 0.01 cm 3 /g, respectively and lower than the values reported in the literature. Barrett et al. 2 reported that the sample obtained in hydroxide medium shows an inferior crystallization degree and a lower microporous volume than the one obtained in the fluoride medium: 0.027 cm 3 /g against 0.070 cm 3 /g. According to the authors, this difference could be ascribed to the difference in the crystal size and morphology. Indeed, the onedimensional channels run parallel to the large face of the crystallites (see Figure 4.5a) therefore, if the latter terminates with the dense layers that separate the channels, a part of the microporous surface is converted into the external one. Thus, the thinner are the crystallites, the smaller the microporous volume is, as mentioned in ref. 2 Our sample shows even lower microporous volume value probably because of the same reason or it can be supposed that in our case a part of long 1D channels is blocked by carbonaceous species not removed during the calcination. The channel blocking by -OH groups is less probable, since the amount of defect sites is low (see TG and NMR results). Almost the same values were obtained for the intruded samples that allow to suppose that the intrusion-extrusion experiments do not impact significantly on the zeosil structure.

A high adsorbed volume at p/p 0 > 0.9 can be related with the high external surface of lamellar zeosil crystals (interlamellar porosity) which increases with the breaking of the latter due to the high compression. 

Thermogravimetric analysis

The experimental results issued from the thermogravimetric analysis of the Si-MTF samples before and after intrusion-extrusion experiments are depicted in Figure 4.7. The total weight loss is always lower than 1.0 wt% confirming the hydrophobic nature of the obtained zeosil. It ranges from 0.6 wt% for the sample intruded with 15 M LiCl aqueous solution to 0.9 wt% for the water intruded one. The weight loss occurs in two main steps. The first one situated between 30 and 200 °C, is ascribed to the desorption of the physisorbed water molecules. The second one, in the temperature range of 200-700 °C, can be assigned to water arising from dehydroxylation reactions, but in this case since the weight loss is very low, it is difficult to determine the quantity of -OH groups. The curves are very similar and the small differences are related principally with different quantity of physisorbed water (weight loss at T < 100 °C). Thus, the intrusion-extrusion experiments do not affect the zeolite framework. 4.2.9 1 H- 29 Si CPMAS NMR spectroscopy

The 1 H- 29 Si CP MAS NMR spectra of the Si-MTF samples are shown in Figure 4.9. In agreement with the broad resonance observed on 29 Si MAS spectra (Figure 4.8), the signal at -102.6 ppm corresponding to Q 3 species is clearly observed in every spectrum. A slight enlargement of the Q 3 peak is observed for the intruded samples. The number of defect sites does not seem to significantly increase after the intrusion-extrusion experiments that is in agreement with the TG results. After the synthesis, the product was filtered, washed with distilled water and acetone, then dried in an oven at 70 °C overnight. At the end, the solid was calcined at 900 °C under ultravacuum to completely remove the organic template. The obtained product was calcined under air at 580 °C for one hour in order to remove the carbon residues from the porosity.

Details on the calcination under ultravacuum: the cell was outgassed (2.6 ·10 -8 mbar) at 900 °C during 12 hours, then ambient temperature and pressure conditions were restored in order to introduce the sample in the cell. The outgassing process was conducted at 900 °C at a pressure of the order of 10 -4 mbar during 24 hours.

The obtained precursor, called PLS-1 by the authors, is not porous as expected and PLS-1 has a characteristic XRD pattern (Figure 4.11a) indexable in the monoclinic symmetry (space group P2 1 m). The topotactic condensation is performed at 900 °C under vacuum as it was previously reported. 7 In this work a test was made at atmospheric pressure, but an amorphous phase was obtained. In order to get a complete transformation, only small quantities of precursor could be placed in the oven under vacuum, otherwise the sample was not entirely converted. At the end a black powder was observed meaning that carbon residues were trapped inside the porosity. The obtained XRD pattern corresponds to the one obtained by Ikeda et al. 7 (see Figure 4.11b). A completely different and less crystallized structure is observed compared to the lamellar precursor. In order to liberate the porosity, a thermogravimetric analysis under air was made. A large weight loss corresponding to the template elimination was observed between 300 °C and 560 °C. Then a control by XRD of the product after TG analysis indicates that the structure is not affected by the thermal treatment, except the lowering of the intensity of the first peak at 9.5 ° 2θ and the elimination of the impurity at 25.6 ° 2θ (see Annex II). The decrease of the intensity of the first peak could be ascribed to the elimination of the template, since at low angles the effect of the template is more visible on the XRD pattern. Then the product was calcined under air at 580 °C. The intensity of the first peak on the XRD pattern of the calcined sample was even lower than for the sample after TG analysis (Figure 4.13). The N 2 adsorption-desorption analysis (see below) of the sample shows a microporous volume of 0.04 cm 3 /g, while the one found by Ikeda et al. was 0.13 cm 3 /g. The possible explanations of such low value are detailed in 4.3.6 section.

Intrusion-extrusion isotherms

The intrusion-extrusion isotherms (pressure-volume diagrams) of the "Si-CDO-water" and "Si-CDO-5 M LiCl aqueous solution" systems are shown in Figure 4.12 and the corresponding characteristic data are reported in Table 4.2. The "Si-CDO-water" system shows a fully reversible spring behavior (yield > 80 %) with the highest intrusion pressure (210 MPa) ever observed in a "zeosil-water" intrusion experiment. Such a value is probably related with the very low diameter of the channels. A huge increment of the intrusion pressure up to 294 MPa is observed when a 5 M LiCl aqueous solution is intruded. The "Si-CDO-5 M LiCl" system shows a spring behavior too. The intruded volume is quite low in both cases ~ 0.030 -0.035 mL/g, but is in agreement with the value of microporous volume (see Figure 4.15). No intrusion is observed in the experiments with more concentrated solutions (≥ 10 M LiCl) that should be related with the values of intrusion pressure too high to be measured by our porosimeter (higher than 390 MPa). The stored energy values are not high in comparison with other zeosils because of the low intruded volume. Since the microporous volume for our sample is considerably lower than the one found in literature (0.04 against 0.13 cm 3 /g), it can be supposed that CDO-type zeosil prepared with an optimized procedure can have higher microporous volume and, thus, better energetic performances.

X-Ray Diffraction

The XRD patterns of pure-silica CDO samples before and after the intrusion-extrusion experiments are reported in Figure 4.13. They are quite similar to those published by Ikeda et al. 7 The presence of thin and large peaks could indicate that the topotactic condensation is not perfect and a part of the structure is not condensed. However, an amorphous phase seems to be absent according to SEM results. The patterns before and after the intrusion-extrusion experiments are quite similar, which means that at the long-range order the structure is not affected. 

Scanning Electron Microscopy

The Si-CDO samples were examined by scanning electron microscopy before (Figure 

Thermogravimetric analysis

The experimental results issued from the thermogravimetric analysis of the Si-CDO samples before and after intrusion-extrusion experiments are depicted in 4.3.8 29 Si MAS NMR spectroscopy

The 29 Si MAS NMR spectra of the Si-CDO samples before and after intrusion-extrusion experiments are shown in Figure 4.17. All the spectra are very similar and exhibit a very broad resonance between -95 and -123 ppm corresponding to Q 3 and Q 4 groups that can indicate that the Si-CDO structure is not fully condensed. The amount of Q 3 sites could be estimated at ~ 6 % of the total 29 Si signal, corresponding to two silanol groups per unit cell.

From these spectra it seems that the intrusion-extrusion experiments do not affect the short-range order in the zeolite structure even if TG analysis shows a small increase of defect sites.

However it is very difficult to detect any variation for such broad resonance. 4.3.9 1 H- 29 Si CPMAS NMR spectroscopy

The corresponding 1 H- 29 Si CPMAS NMR spectra of the Si-CDO samples are shown in Figure 4.18. In agreement with 29 Si MAS NMR results (Figure 4.17), the presence of a resonance corresponding to Q 3 groups is well identified between -93 and -107 ppm. Moreover a small resonance at -86 ppm indicates the presence of Q 2 species. The number of defect sites does not seem to significantly increase after intrusion-extrusion experiments. 

ITH-type zeosil 4.4.1 Description of the ITH-type framework

ITH-type zeosil was synthesized for the first time by Boix et al. 8 It is characterized by a 3D intercrossed channel pore system with 9 and 10 membered-ring pore openings. A peculiarity of this zeosil is the pore openings of 9 MR (4.0 x 4.9 Å 2 ) 9 for the channels parallel to the crystallographic a axis. The channels parallel to the b and c axes have 10 MR pore openings of 4.7 x 5.1 Å 2 and 4.8 x 5.7 Å 2 , respectively. 9 Another particularity of the pore system of this zeolite is the presence of a sinuosity along the channels parallel to the c axis. 9 The framework of this zeolite is shown in Figure 4.19. This zeolite crystallizes in the orthorhombic symmetry (space group Amm2) with the following cell parameters: a = 12.5 Å, b = 11.3 Å, c = 21.9 Å. 9 † The framework density is 17.4 T / nm 3 . † The standard deviation is not reported by the authors in ref. 9 

Synthesis of the zeosil

The Si-ITH sample was synthesized in fluoride medium according to the procedure published by Corma et al. 9 using hexamethonium dihydroxide (HM (OH) 2 ) as structuredirecting agent (SDA). The reactants used were: tetraethylorthosilicate (Evonik) as silica source, HM(Br) 2 (Sigma-Aldrich) in its hydroxide form (obtained with Amberlyst A26 hydroxide form exchange resin) and HF ≥ 40 % (sigma-Aldrich). The starting gel (molar composition: 1 SiO 2 : 0.28 HM (OH) 2 : 0.56 HF: 7 H 2 O; seeds (2 wt%/ SiO 2 ) † ) was introduced in a Teflon-lined stainless-steel autoclave and heated at 135 °C during 24 days.

After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end the solid was calcined at 550 °C under air for 6 hours to completely remove the organic template. As it will be shown below, the ITH zeosil was obtained.

Intrusion-extrusion isotherms

The pressure-volume diagrams of the "Si-ITH-water" and "Si-ITH-LiCl aqueous solutions" systems are shown in Figure 4.20 and the corresponding data are reported in Table 4.3. A bumper behavior with a completely irreversible intrusion is observed for water and for LiCl aqueous solutions with the concentration up to 10 M, whereas the "Si-ITH-20 M LiCl" system demonstrates a partially reversible intrusion. In the first cycle, after the intrusion (P int = 280

MPa, V int = 0.11 mL/g) of 20 M LiCl aqueous solution, when the pressure is released, a part of the liquid (V ext = 0.06 mL/g) is extruded at P ext = 117 MPa. In the second and third cycles, the same amount of the solution is intruded at P int = 138 MPa. The intruded volume is considerably lower than the one observed for the first cycle, and entirely extruded. Thus, the system demonstrates a combination of bumper and shock absorber behavior in the first cycle and a pure shock absorber behavior in the following ones. Therefore, for the maximal LiCl concentration a change of the system response occurs. In the section 3.6 of chapter 3 and in our previous works [10][11][12] , a hypothesis on the influence of the nature of the liquid on the system behavior is exposed. Such effect was observed in the case of LTA-10 (see chapter 3) *BEA- 11 and BEC-type (see chapter 6) zeosils. In all these cases the system behavior becomes more reversible with the most concentrated LiCl aqueous solution and a considerably lower defect formation was observed in comparison with water intrusion. A strong rise of the intrusion pressure is observed with the increase of the salt concentration. As it will be seen at the end of this chapter, the dependence of the intrusion pressure on LiCl concentration is linear. The pressure increases from 82 MPa for water to 119, 175 and 280 MPa for 5 M, 10 M and 20 M LiCl aqueous solution, respectively. Thus, an increase of 3.4 times in comparison with water is obtained that is slightly higher than in the case of MFI-type zeosil, which has similar structure, where an increase of 2.9 times was observed. 13 This higher increase can be related with the smaller size of pore openings in ITH structure.

The intruded volume increases at high LiCl concentration from 0.08 mL/g for 0 M, 5 M and 10 M LiCl aqueous solutions to 0.11 mL/g for 20 M LiCl one. The explanation could be due to a more compact organization of the clusters of solvated ions from LiCl aqueous solution into the pores that allow a better filling of the porosity (see chapter 3). 10 Since both the pressure and the volume increase with LiCl concentration, the absorbed energy rises even more drastically; 6.6, 9.5, 14.0 and 30.8 J/g for water, 5 M, 10 M and 20 M LiCl aqueous solutions, respectively. Thus, an increase of 4.7 times of the absorbed energy is observed. This increase is considerably higher than in the case of other systems based on zeosils with 10 and 12 MR openings (MFI 13 , *BEA 11 ). It should be noticed that the absorbed energy by the "Si-ITH-20 M LiCl aqueous solution" system is among the highest ever observed. 10,13 

X-Ray Diffraction

The XRD patterns of the samples before and after intrusion-extrusion experiments are reported in Figure 4.21. From these XRD patterns, it seems that at the long-range order the structure is not affected after the intrusion-extrusion experiments. that is in agreement with the results of 29 Si MAS NMR analysis (see below). The weight loss after 300 °C (0.8 wt%) corresponds to ~ 4 OH-groups per unit cell, that is also in agreement with NMR data.

4.4.8 29 Si MAS NMR spectroscopy

The 29 Si MAS NMR spectra of the Si-ITH samples before and after intrusion-extrusion experiments with water are shown in Figure 4.25. The spectra of the other intruded samples are reported in Annex II, since they are superimposable to the one of water-intruded sample.

Both spectra exhibit three resonances at -110.6, -114.0 and -116.9 ppm corresponding to Q 4 groups. A small broad resonance is also detected at -102.4 ppm. This peak can be assigned to Q 3 groups and corresponds to 3.1 % and 6.8 % of the total 29 Si signal before and after the intrusion-extrusion experiments, respectively. The increase of Q 3 groups content confirms the creation of defect sites and the obtained values are in good agreement with those determined from TG analysis (i.e., 2 and 4 -OH groups per unit cell for the nonintruded and intruded samples, respectively). With the exception of the increase of Q 3 groups, no significant change is observed between the spectra before and after intrusion-extrusion experiments. 4.4.9 1 H- 29 Si CPMAS NMR spectroscopy

The spectra of Si-ITH samples before and after the intrusion-extrusion experiments with water are shown in Figure 4.26. In agreement with the broad resonance observed in Figure 4.25, the presence of a resonance at -102.4 ppm corresponding to Q 3 species is detected.

Compared to the spectrum of the nonintruded sample, after the intrusion-extrusion experiments the Q 3 peak is broader due to a more intense component at ~ -100 ppm that was only slightly visible for the nonintruded sample. This result confirms the increase of the amount of the Q 3 species found by 29 Si MAS NMR analysis indicating the creation of silanol groups. agent. In the following years other high-silica extra-large pore zeolites, such as CIT-5 (CFItype) 16,18 , SSZ-53 (SFH-type) 19 and SSZ-59 (SFN-type) 19 , were synthesized. A zeolite with CFI topology was synthesized for the first time by Wagner et al. 18 in 1997 in its high-silica and pure-silica forms in hydroxide medium. The synthesis were always performed in presence of an organic structure-directing agent and LiOH considered necessary to obtain the good product, since in absence of the latter and of aluminum, the pure-silica AFI-type zeolite, which have similar pore openings, was obtained. Then in 1998 Yoshikawa et al. 20 obtained the pure-silica form without impurities always in hydroxide medium, while Barret et al. 16 succeeded in the synthesis of CFI-type zeosil in hydroxide and fluoride media in the absence LiOH. In this work, CFI-type zeosil sample has been synthesized in fluoride medium following the protocol described by Barrett et al. 16 The synthesis of the organic template is presented in Annex II. This zeosil is characterized by a one-dimensional channel system parallel to the b direction with a pore opening at 14 MR and a pore size of 7.2 x 7.5 Å 2 (see 

DON-type zeosil

The Si-DON sample was synthesized according to an adapted procedure published by

Freyhardt et al. 17 template's Co 2+ species. As it will be shown below, the DON-type zeosil was obtained. This protocol in OH -medium was preferred to the one published by Wessels et al. [START_REF] Guth | Catalysis and Zeolites[END_REF] in fluoride medium because of the low yield of product reported by the authors.

Intrusion-extrusion isotherms

Si-CFI-based systems

The intrusion-extrusion isotherms (pressure-volume diagrams) of the "Si-CFI-water" and "Si-CFI-LiCl aqueous solutions" systems are shown in Figure 4.30. The corresponding characteristic data are reported in Table 4.5. The diagrams show that for the "Si-CFI-water" system the intruded liquid at 75 MPa is completely expelled at the same pressure from the porous matrix when the pressure is released. This indicates that the system is a perfect spring which can store and restore an energy of 6.0 J/g over several cycles. The intruded volume (0.08 mL/g) is lower than the porous volume determined by N 2 adsorption-desorption measurements (0.13 cm 3 /g, see Table 4.6), but this difference is not surprising as it was explained in section 4.4.6. Comparing the energetic performances of the "Si-CFI-water" system with the ones of other "one-dimensional channel-type zeosil-water" systems (AFI, MTT, MTW and TON) [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF][START_REF] Roth | [END_REF] , the same spring behavior is found. The absence of hysteresis between the intrusion and extrusion curves would indicate a very low amount of defect sites (dangling -OH groups) in the intruded-extruded samples as it is confirmed by TG and NMR analysis (see below).

A previous work showed that the intrusion pressure is related to the pore window diameter for channel-type zeosils and to the cage diameter for cage-type ones. The more the dimension is reduced, the more the intrusion pressure is high. 25 Indeed, TON-type and MTT-type zeosils, which are characterized by a 10 MR pore opening with similar diameter, show a very high and almost equal intrusion pressure values (186 and 176 MPa, respectively). [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF][START_REF] Roth | [END_REF] Coherently, in the case of AFI-type and MTW-type zeosils, which have larger pore opening (12 MR), water molecules can be more easily intruded into the porosity at 57 and 126 MPa, respectively. [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF] The huge difference between the latter values is ascribed to the peculiar large dimension of AFI-type zeosil pore opening, (7.3 x 7.3 Å 2 ) compared to MTW one (5.6 x 6.0 Å 2 ). Since the AFI-type zeosil pore opening is similar to the Si-CFI-type one (7.2 x 7.5 Å 2 ), as expected the intrusion pressure is observed in the same pressure range (57 and 75 MPa, respectively).

The rise of LiCl concentration leads to an increase of the intrusion pressure (75, 147 and 162

MPa for water, 10 M and 20 M LiCl aqueous solutions, respectively). Several hypothesis described in chapter 1 (section 1.6.1) have been proposed to explain such a phenomen.

Comparing the intrusion pressure values with those of 3D channel-type zeosils based systems, a linear increase of 2.9 times (96, 193 and 285 MPa for water, 10 M and 20 M LiCl aqueous solutions, respectively) is observed for the MFI-type zeosil (10 MR) 13 , while for the *BEA-type (12 MR) 11 the increase between water and 10 M LiCl aqueous solution is more important than the one between 10 M and 20 M LiCl aqueous solutions (53, 95 and 115 MPa for water, 10 M and 20 M LiCl aqueous solutions, respectively). The intrusion pressure increases of 2.1 times. The same trend is observed for the "Si-CFI-LiCl aqueous solutions" systems. The relatively small intrusion pressure rise is probably related to the larger pore opening of *BEA-type and CFI-type zeosils that oppose less resistance to the liquid.

For "Si-CFI-LiCl aqueous solutions" systems, the spring behavior with an energy yield of 97 % is maintained, but a slight hysteresis is visible. This trend was already observed for MFItype zeolite. 13 The rise of the intrusion pressure with LiCl aqueous solutions leads to an increase of the stored energy (6.0, 13.2 and 14.6 J/g for water, 10 M and 20 M LiCl aqueous solutions, respectively). Such energy values are relatively low compared to those of MFIbased systems (E s = 31 J/g with the 20 M LiCl aqueous solution).

Si-DON-based systems

The P-V diagrams of the "Si-DON-water" and "Si-DON-LiCl aqueous solutions" system are reported in Figure 4.31 and the corresponding data in Table 4.5. Compared to the "Si-CFInonwetting liquid" systems and whatever the nonwetting liquid, the intrusion step is less

steep. An important spread is observed particularly for the LiCl aqueous solution-based systems. For instance, the intrusion starts around 50 MPa with a complete filling of the pores at around 150 MPa in the case of 20 M LiCl aqueous solution. The crystal morphology (packed needles) might be responsible of the spreading in pressure as previously observed for the TON-type zeosil. [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF] However, whatever the nonwetting liquid, a spring behavior is mainly observed with a slight hysteresis between the intrusion and extrusion curves for the "Si-DON-20 M LiCl" system. Although both CFI-and DON-type zeosils have 1D channel system with 14 MR openings, the intrusion pressures for the Si-DON-based systems are strongly lower and vary from 26 to 85 MPa for water and 20 M LiCl aqueous solution, respectively, see Table 4.5. Such a result is not so surprising since the pore apertures of the DON-type structure are larger than CFI ones (8.1 x 8.2 Å 2 and 7.2 x 7.5 Å 2 , respectively) and because there is a higher amount of hydrophilic defect sites due to the synthesis in hydroxide medium.

The intruded volumes with water and 10 M LiCl aqueous solutions (0.04 and 0.06 mL/g, respectively) are quite low compared to the microporous volume found by N 2 adsorptiondesorption measurements (0.15 cm 3 /g, see below) and cannot be explained only by the lower density of water confined in the nanopores of the zeolite. Another explanation could be the partially spontaneous intrusion of the liquid inside the pores at low pressure (in the nonreported 0-5 MPa range, see section 2.7). For the 20 M LiCl aqueous solution, the intruded volume is higher (0.08 mL/g) revealing thus a non intrusion of this liquid at low pressure. A similar evolution of the intruded volume with LiCl concentration was previously observed in the case of high-silica (Si/Al = 110) FAU-type zeolite with partially hydrophobic pores. 26 Unfortunately, the stored energy for "Si-DON-nonwetting liquid" systems are low and vary from 1.0 to 6.8 J/g for water and 20 M LiCl aqueous solution, respectively. 

X-Ray Diffraction

The XRD patterns of the different Si-CFI and Si-DON samples are reported in Figures 4.32 

N 2 adsorption-desorption isotherms Si-CFI samples

The N 2 adsorption-desorption isotherms of the nonintruded and intruded samples are shown in Figure 4.35. In all cases the isotherms are mainly of type I characteristic of microporous solids. The BET surface area and microporous volume (V micro ) of the nonintruded sample outgassed at 300 °C are 340 m 2 /g and 0.130 cm 3 /g, respectively, that are similar to the values reported in the literature. 16 After an outgassing at 90 °C a lower microporous volume and a lower surface area (245 m 2 /g) are observed (0.095 cm 3 /g) revealing thus the presence of remaining physisorbed water in the nonintruded sample. After intrusion-extrusion experiments, the pore volume and the surface area are considerably lower (see Table 4.6). All these results are quite in agreement with the TG curves since for all the samples the end of the first weight loss is observed at 150-200 °C and this weight loss is larger for the intruded samples (see below). The larger amount of physisorbed water in the intruded samples indicates the creation of few hydrophilic defects sites (-OH groups). However, after an outgassing at 300 °C (see Annex II), the microporous volume of the water-intruded sample (0.12 cm 3 /g) is comparable with the one of the nonintruded solid confirming that no great damages are caused after intrusion under high pressure as it was confirmed by NMR spectroscopy (see below). Therefore, after an outgassing at 90 °C the microporous volume was found to be the same for the nonintruded and intruded samples (0.095 cm 3 /g), that is in agreement with the TG analysis (see Figure 4.38). The difference between the samples outgassed at 90 °C and 300 °C can be ascribed to the presence of remaining physisorbed water in the intruded samples. 

Si-DON samples

The results of the thermogravimetric analysis of the Si-DON samples before and after the intrusion-extrusion experiments are shown in Figure 4.38. Compared to the Si-CFI samples, the total weight loss for the Si-DON samples is higher and ranges from 3.0 wt% for the nonintruded sample to 3.75 wt% for the sample intruded with the 20 M LiCl aqueous solution. It also occurs in two main steps corresponding to the removal of physisorbed water molecules and the one of water arising from dehydroxylation reactions. From the second weight loss, whatever the samples (intruded or nonintruded ones), about 8 -OH groups were found per unit cell (Si 64 O 128 ). Thus, the number of hydrophilic silanol groups is relatively high, that reinforces the hypothesis that the low intruded volume observed is explained by a partial spontaneous intrusion. However, from these results, it also seems that the intrusionextrusion experiments do not cause significant damages in the zeosil structure as confirmed by NMR spectroscopy (see below). 4.5.8 29 Si MAS NMR and 1 H- 29 Si CPMAS NMR spectroscopy

Si-CFI samples

The 29 The corresponding 1 H- 29 Si CPMAS NMR spectra of the Si-CFI samples are shown in Figure 4.40. In agreement with the broad resonance observed in Figure 4.39, the presence of a resonance at -102.8 ppm corresponding to Q 3 species is clearly detected in both spectra.

Although the NMR spectrum of the nonintruded sample shows a lower signal/noise ratio, the number of defect sites does not seem to increase after the intrusion-extrusion experiments that is in quite good agreement with the TG results (the number of -OH groups for these samples is about 0.5 and 2.0 -OH groups per unit cell). 

Si-DON samples

The 29 Another smaller component between -97.0 and -106.5 ppm is attributed to Q 3 sites and corresponds to about 7.0 % of the total 29 Si signal value in quite good agreement with the TG results (8 -OH group per unit cell). The spectrum of our sample is similar to the one found in literature. 21 The low resolution of the peaks can be due to the presence of different polymorphs inside the structure. 17,21 No relevant differences is found between the spectra of the sample before and after intrusion-extrusion experiments, that indicates that at the shortrange order the zeolite structure is not affected. The corresponding 1 H- 29 Si CPMAS NMR spectra are shown in 

Conclusion

In this chapter the results on five different channel-type zeosils, which have never been studied before, are presented: MTF-type one with 1D side-pocket channels and 8 MR pore openings, CDO-type one with 2D channels with 8 MR pore openings, ITH-type one with 3D channels with 9 and 10 MR pore openings, CFI-and DON-type ones with 1D channels with extra-large 14 MR pore openings. Thus, these zeosils have different structural particularities and are different from the other already studied zeolitic structures. The obtained results should allow to better understand the relationship between the zeosil structure and the energetic performances. Since the intrusion pressure is an important parameter which determines the stored/absorbed energy, a particular attention is made on it in this discussion.

As it was said before, the intrusion-extrusion experiments in MTF and CDO-type zeosils revealed very high intrusion pressure values. Surprisingly the "Si-CDO-water" system shows the highest intrusion pressure ever observed (210 MPa) among all the "zeosil-water" systems.

However, it must be recalled that the CDO sample is badly condensed, therefore the high intrusion pression value could also be due to this characteristic. Since previous results for water intrusion in one-dimensional channel-type zeosils with 10 MR pore openings revealed very high pressure values (186 and 176 MPa for TON and MTT-type zeosils, respectively) [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF][START_REF] Roth | [END_REF] , a higher intrusion pressure value was expected for "Si-MTF-water" system (P int = 125 MPa) because of its narrower pore openings (8 MR). The side pockets of MTF framework could be the cause of this result, since, according to previous experimental results and computer simulation, the intrusion pressure is determined not by pore opening size, but by cage or pseudo-cage diameter. 25,27 The particularity of "Si-MTF-15 M LiCl" system, a two-step extrusion of the solution, can be also related with the side-pockets. It should be noticed that all the systems based on zeosils with one-dimensional channels with side pockets demonstrate a particular behavior. For example, STF-and IFR-type zeosil based systems show partially and complete irreversible water intrusion, respectively. [START_REF] Roth | [END_REF]28 CFI-and DON-type zeosils have the largest pore openings among all the zeosils studied at the moment in intrusion-extrusion experiments. The corresponding systems always show a reversible spring behavior as it was observed for other 1D channel-type frameworks (AFI, A completely irreversible intrusion of water is observed (no extrusion) for "Si-ITH-water" system, that corresponds to a bumper behavior. Such behavior is completely different from the one observed for the zeosils MFI and MEL which display similar structure (3D channel and 10 MR pore opening) and demonstrate a fully reversible spring one. 25 Normally, the bumper behavior is caused by the interaction of the intruded water molecules with the dangling -OH groups already present in the zeosils 29 or formed (due to the breaking of siloxane bridges) during the intrusion-extrusion experiments. 11 The first solution seems to be the case for ITH-type zeosil. At the moment the bumper behavior was observed only for *BEA 11 , IFR 28 and LTA 10 type zeosils (3D channel system with 12 MR openings, 1D channel system with side pockets and 12 MR openings, 3D cage system with 8 MR openings, respectively). A partially irreversible intrusion was also demonstrated for CHA 30 and STFtype 24 zeosils (3D cage system with 8 MR openings, 1D channel system with side pockets and 10 MR openings). Since all above mentioned zeosils have different framework structures and pore systems, it can be concluded that the behavior does not depend on the type and the dimensionality of the pore system, but is possibly related with the stability of the zeosil framework (breaking of siloxane bonds) or with the presence of defects in the nonintruded samples. Si-ITH-based systems show a change of the behavior with the rise of the salt concentration: from bumper to a mixed bumper-shock absorber ones. The same phenomenon was already observed when these defects are formed during the intrusion-extrusion experiments (based on LTA-10 , *BEA-11 , and BEC-type zeosils, see chapters 3 and 6).

However, the nonintruded Si-ITH sample already contains some silanol groups and only a small number of defects is formed under intrusion-extrusion experiments in its framework.

This case seems to be more similar with the systems based on CHA-type zeosil containing significant number of -OH groups in the framework, but the effect of the system behavior change is more pronounced for Si-ITH. The change of the system behavior with LiCl concentration is probably related with the weaker interaction of silanol groups with the solvated ions from concentrated solutions (solvated ions) in comparison with free water molecules.

The intrusion pressure for the "Si-ITH-water" system is relatively close to ones obtained for zeosils with similar structure. It is lower than the one observed for MFI-type zeosil, but higher than that of MEL-type zeosil: 82 MPa against 96 and 63 MPa, respectively. However, it should be noticed that the MEL-type sample contained higher content of defects before intrusion-extrusion experiments 25 , which can explain its lower intrusion pressure. Thus, even the zeosils with very close pore system can show significantly different intrusion pressure values. Other zeosils with channel pore system and 10 MR pore openings demonstrate even more elevated intrusion pressure values: 147 MPa for FER-type zeosil (2D channel system with 10 and 8 MR openings) 25 , see chapter 5, 186 and 176 MPa for TON-and MTT-type ones (1D channel system), respectively. [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF][START_REF] Roth | [END_REF] In addition to the correlation found between the pore size and the water intrusion pressure, it has been found that the pore size strongly affects the increase of the intrusion pressure with LiCl concentration. As it was observed in this and previous works, the intrusion (and extrusion) pressure rises with LiCl concentration for all the zeosils. However, the increase in relative and absolute values is different from one zeosil to another. Even the character of this increase is different for zeosils with large and narrow channels. The Figures 4.44 Thus, the ions should be distorted and partially desolvated to penetrate into the pores. It can be supposed that the degree of this distortion and desolvation should be higher for narrow pores that require an additional external pressure.

The exception of DON-type zeosil can be related with the presence of a significant number of silanol groups in the sample even before intrusion-extrusion experiments. Thus, a higher increase of intrusion pressure with LiCl can be related with lower affinity of solvated ions to this defects in comparison with water molecules.

It should be noticed that the relative increase of the intrusion pressure with LiCl concentration is considerably lower than ones observed for the cage-type zeosils with very narrow 8 MR pore openings studied in the chapter 3, where the increase in 5.6, 6.0 and 7.4 times was observed for CHA-, DDR-and LTA-type zeosils, respectively. Thus, the correlation between the size of pore opening and the intrusion pressure increase is confirmed.

The results obtained in the last two chapters allow us to conclude that besides the type of pore system and pore diameter, another aspect that must be considered is the role of defect sites in 

Description of the FER-type framework

Ferrierite is an aluminosilicate zeolite which can be found in nature. It was synthesized in pure-silica form for the first time by Gies and Gunawardane 1 in hydroxide medium in 1987.

Later, Kuperman et al. 2 succeeded in the synthesis in a fluoride non-aqueous medium. Other synthesis routes were developed, but one of the most interesting was the synthesis method proposed by Schreyeck et al. 3 , where the pure-silica ferrierite was obtained by topotactic condensation from a layered zeolite precursor (LZP). This method was also used in this work to obtain the CDO-type zeosil, which shows strong structural similarities with FER-type one.

The FER-type zeosil has a two-dimensional channel system, as it is shown in Figure 5. 

Study on the composition of the intruded liquid by in situ X-ray diffraction

As it was described in section 1. solution is observed at 195 MPa. The process is reversible and the intruded liquid (V int = 0.053 mL/g) is entirely extruded at 184 MPa. The intrusion pressure is higher than the one of water found in previous works at ~ 150 MPa 9 (see section 5.4), therefore it increases by 30 %.

This rise can not be only ascribed to the increase of the surface tension (12 %) 10 , or to the osmotic pressure which corresponds to an increase of 25 MPa (17 %). 11,12 It can be supposed that the intrusion pressure increase is mainly related with the partial desolvation of the ions and this hypothesis was confirmed by the structure refinement. The residual electron density map revealed both water molecules and Mg and Cl ions inside the porosity in a precise configuration corresponding to a saline solution with composition of MgCl 2 · 10 H 2 O (5.56 M). Such a composition is very similar to the one of the saturated MgCl 2 aqueous solution, that indicates that the ions of the intruded solution are partially desolvated (the solvation degree of the ions is lower compared to the theoretical one: Mg 2+ coordinates only 2.8 water molecules instead of 6, while Cl -coordinates 2 water molecules instead of 5-6). The lower water content in the intruded liquid could be ascribed to the hydrophobic nature of the zeosil matrix, whereas a rise of the intrusion pressure is probably related with the modification of the coordination sphere of the intruded ions.

Influence of the crystal morphology on the energetic performances

In this section our study on the influence of the morphology of ferrierite crystals on the energetic performances of "FER-type zeosil-water" and "FER-type zeosil-LiCl aqueous solutions" systems, are reported. The results were published in Energy journal (Energy, 130

(2017) 29-37) and the publication is reporte below. This study on the influence of the crystal morphology on energetic performances is a continuation of the works performed by our group on MFI-type zeosil 13 and ZIF-8 14 (ZIF = Zeolitic Imidazolate Framework). In these works it was found that no significant variations were observed for MFI-type zeosil, while in the case of ZIF-8 the intrusion pressure decreased with the crystal size increase. The pure-silica ferrierite was chosen in this study, because it can be synthesized by different manner: in one step by solvothermal synthesis 2 leading to the formation of plate-like crystals or by topotactic condensation from a layered zeolite precursor (LZP) giving big elongated crystals. 3 A study on a zeosil obtained by LZP topotactic condensation is also interesting in order to compare the results with ones obtained for RRO-type zeosil (RUB-41) 15 , which was also synthesized by was already studied by our group in a previous work 1 , where a drastic change in the system behavior, from irreversible bumper behavior to fully reversible shock absorber one, was observed with the increase of the LiCl concentration. Since these two zeosils have very similar structures, it is of interest to compare the behavior and the energetic performances of these materials in intrusion-extrusion experiments.

Description of the BEC-type framework

A brief history of the BEC-type zeolite is described in the article exposed in section 6.3.

Pure-silica BEC-type zeosil (Si-BEC here below) is obtained using 4,4-dimethyl-4-azoniatricyclo[5.2.2.0 2,6 ]undec-8-ene hydroxide as structure-directing agent (see Annex III)

according to the procedure published by Cantín et al. 2 This material displays a threedimensional channel system with 12 MR pore openings of diameter 6.3 x 7.5 Å 2 for the ones along the c direction and 6.0 x 6.9 Å 2 for the channels along a and b directions (see Figure 6.1). The most important part of the introduction section of the article is in the second page, where the history of BEC-type zeolite and the description of *BEA and BEC framework are given. † The standard deviation is not reported by the authors in ref. 2 value was found compared to the one obtained for water intrusion. The highest intrusion pressure values were found for "Si-MTF-15 M LiCl" and "Si-DDR-20 M LiCl" systems, with 348 and 357 MPa, respectively, but for some systems the pressure seems to overpass the measurement limit of our equipment (400 MPa). The relative increase of the intrusion pressure (P int 20 M LiCl /P int H2O ) was found to be higher for the systems based on cage-type zeosils with small pore openings. The maximal rise in 7.4 times was obtained for LTA-type zeosil, while an augmentation of 5.6 and 6.0 times was found for "Si-CHA and Si-DDR-20 M

LiCl" systems, respectively, whereas for channel-type zeosils the highest increase was only were observed (~ 31-33 J/g). Surprisingly, the intrusion with the same solution in DDR-type zeosil gave a result three times higher (93 J/g) due to very high values of intrusion pressure and, particularly, of intruded volume. Therefore, the "Si-DDR-20 M LiCl" system which displays a shock absorber behavior is quite promising for potential applications.

The changes in the systems behavior have been also observed. Generally, for the systems with fully or partially irreversible intrusion, the reversibility increases with the rise of salt concentration. The behavior of the systems based on BEC-type zeosil changes from fully irreversible for water (bumper) to completely reversible (shock absorber) for highly concentrated LiCl aqueous solution. The intrusion in CHA-type zeosil becomes entirely reversible for all LiCl concentrations, while for Si-LTA and Si-ITH-based systems, a shift from bumper to a combination of bumper and shock absorber behavior is observed.

Exceptionally, in the case of DDR-type zeosil, an opposite phenomenon has been found: a small part of intruded 20 M LiCl aqueous solution remains in the cages of the material after the first cycle, probably because of very high intrusion pressure values. However, for the other intrusion-extrusion cycles all the intruded liquid is expelled from the DDR porosity. For all the systems, which showed a reversible behavior under water intrusion, the reversibility is maintained in the experiments with LiCl solutions. The change of behavior might be ascribed to the different nature of the intruded liquid. In the case of highly concentrated solutions probably only solvated ions (Li(H 2 O) + x and Cl(H 2 O) y -) are intruded, whereas in lower concentrated LiCl aqueous solutions there are free or weakly bounded water molecules, which can break siloxane bridges and create hydrophilic silanol defects. However, at the present time, with the exception of the work performed on the "Si-FER-MgCl 2 · 21 H 2 O" system, no experimental evidence supports this hypothesis. In the case of the materials where hydrophilic silanol defects are already present (ITH-and CHA-type zeosils), the change of behavior might be also related with the weaker interaction of silanol groups with the solvated ions from concentrated solutions, while free water molecules from diluted ones are strongly adsorbed.

A study on the influence of the crystal morphology on the energetic performances on "FERtype zeosil-water or LiCl aqueous solutions" systems was also performed. The zeosil was synthesized by two methods leading to the formation of elongated and plate-like crystals. The first one was obtained by topotactic condensation from a layered zeolite precursor, while the second one by a one step synthesis in a fluoride non-aqueous medium. It was found that the morphology did not significantly affect the energetic performances of the systems.

A comparison of the energetic performances of two similar zeosils, BEC-and *BEA-types, where the former is a polymorph of the latter, was also performed. They are both characterized by a three-dimensional pore system with pore openings at 12 MR, but *BEAtype zeosil presents zig-zag channels which are absent in BEC-type one. The same behavior in intrusion-extrusion experiments was found for both samples: bumper and shock absorber for water and 20 M LiCl aqueous solution, respectively. A slight difference in the intrusion pressure values and the formation of defect sites have been found indicating that even a small variation of the zeosil structure can lead to a change on the energetic performances of the "zeosil-nonwetting liquid" systems.

For further development of this research field, it could be interesting to perform the intrusion-extrusion experiences with the already studied zeosils, but using other saline solutions in order to investigate the influence of the cation and anion nature on the behavior and on the energetic performances of the corresponding systems. Otherwise, other zeosils could be synthesized to test their energetic performances. This could allow to better understand the correlation between the zeosil phase, salt concentration and energetic performances. For example, CSV-type zeosil is characterized by the same pore openings of FER-type one, but it displays a cage system instead of a channel one. During this work, the syntheses of some other zeosils were performed (CSV, EUO, IFR, IHW, RTH and STW structure types), but the good phase was not obtained. A peculiar focus should be made on the intrusion-extrusion experiments in DDR-type zeosil because of its extremely high performances and because of the particular phenomenon which occurs in the zeosil framework during the intrusion of concentrated LiCl aqueous solution. The study of the intrusion-extrusion mechanism by in situ X-ray powder diffraction and other methods is also of high interest.

In conclusion, the results of this work have confirmed that the water intrusion pressure depends on pore dimensions according to previous studies. Besides, a correlation between the size of the pore openings and the increase of intrusion pressure with LiCl concentration has been found. The introduction of the LiCl aqueous solutions has allowed to achieve very high intrusion pressure values and also to tune the behavior of certain systems. The possibility to have different behaviors on a large range of pressure could make these systems useful for various applications in absorption and storage of mechanical energy.

Under inert atmosphere at room temperature, in a 25-ml flask 2.00 g (13.0 mmol) of (1S,5R)- 1,3,3-trimethyl-6-azabicyclo[3.2.1]octane were dissolved in 10 ml of anhydrous methanol, then were added 5.4 g (39.14 mmol) of K 2 CO 3 . The mixture was cooled at 0 °C and 2.4 ml (39.14 mmol) of CH 3 I were added, then the bath of ice and water was removed.

After 24 hours of stirring, the solution was filtered, the solid was washed with methanol, then the filtrate was concentrated under vacuum. The solids were suspended in CH 2 Cl 2 , and the resulting K 2 CO 3 solid was filtered off and washed with CH 2 Cl 2 . The filtrate was concentrated under reduced pressure. The residue was triturated with diethyl ether to precipitate the desired ammonium salt. The precipitate was filtered, washed with diethyl ether and allowed to dry to obtain a pure product with a yield of 97 % (3.85 g). The hydroxide form of the structure-directing agent was obtained by ionic exchange on Amberlyst A-26(OH) resin in water, then dried in the lyophilizer.

NMR (300

Synthesis of the structure-directing agent (B) of the ITE-type zeosil.

The protocol of synthesis is confidential (Professor Camblor), therefore it is not described.

The hydroxide form of the structure-directing agent was obtained by ionic exchange on Amberlyst A-26(OH) resin in water, then dried in the lyophilizer.

N 2 adsorption-desorption isotherms of the Si-ITE samples. Synthesis of the structure-directing agent of the LTA-type zeosil.

N-methyljulolidinium iodide

Under inert atmosphere, at room temperature, in a 250-ml flask were dissolved 3.036 g (17.5 mmol) of julolidine in 30 ml of CHCl 3 , then were added 3.3 ml (52.1 mmol) of CH 3 I.

The mixture was stirred for three days at room temperature, then a new excess of CH 3 I was added (3.3 ml; 52.1 mmol). The same protocol was repeated three days later.

After nine days from the beginning, the solution was evaporated under vacuum to obtain a dark red solid. Then it was washed with diethyl ether to obtain a pure product with a yield of 96 % (5.30 g). 7, 69.5, 66.2, 65.1, 61.3, 55.3, 47.3, 33.2, 31.2, 29.4, 27.7, 27.6, 25.5, 24.0, 22.4, 20.4 Minor isomer 6, 66.0, 63.4, 61.9, 61.7, 55.5, 55.3, 34.2, 31.6, 29.3, 28.3, 27.5, 25.5, 23.9, 20.4, 16.6 The obtained product was converted in the hydroxide form with DOWEX MONOSPHERE 550A (OH) anion exchange resin in water, then died in the lyophilizer.

NMR (300

Si-DON template

Bis(pentamethylcyclopentadienyl) cobalt (III)

In order to obtain the hydroxide form of the template, bis(pentamethylcyclopentadienyl) cobalt(III) hexafluoropfosphate (Alfa Aesar, 98 %) was dissolved in a mixture of acetone, methanol and water with the volume ratio of 10 : 5 : 1, respectively, and exchanged on a column of Amberlyst A26 (OH) hydroxide form exchange resin. The liquid fraction was collected and evaporated under vacuum in order to obtain a solution with concentration between 0.5 and 1 M. The final concentration was determined by titration.

  Si, dans ce travail) ce qui permet d'exalter les sites Q 3 et Q 2 (HO-Si-(OSi) 3 et (HO) 2 -Si-(OSi) 2 , respectivement révèlant ainsi la présence des groupes silanol et améliorant le rapport signal sur bruit du spectre. Les expériences de RMN ont été réalisées sur un spectromètre Bruker Advance II 300 MHz à température ambiante. Les tests d'intrusion-extrusion d'eau et des solutions aqueuses de LiCl ont été réalisés à température ambiante à l'aide d'un porosimètre à mercure Micromeritics Autopor IV.

  d'intrusion varient entre 75 (eau) et 162 MPa (LiCl 20 M) pour le zéosil CFI et de 26 (eau) à 85 MPa (LiCl 20 M) pour le zéosil DON. Elles sont relativement peu élevées probablement en raison des grandes ouvertures de pores (7,2 x 7,5 Å 2 et 8,1 x 8,2 Å 2 , respectivement). Les valeurs des pressions d'intrusion particulièrement faibles pour le zéosil DON sont probablement liées à la présence de défauts silanol dans la charpente, qui le rend plus hydrophile. Cela permet également d'expliquer une autre particularité du système "zéosil DON-eau": le faible volume intrusé, dû probablement à une intrusion partielle spontanée à basse pression. Les valeurs réduites de la pression d'intrusion et du volume intrusé ne Résumé en français du manuscrit: Chapitre 4 permettent pas d'atteindre une grande densité d'énergie stockée dans ces matériaux.

  systèmes hétérogènes lyophobes basés sur FER-P et FER-K montrent des performances énergétiques très similaires, celles de FER-K sont légèrement meilleures en raison du volume intrusé un peu plus élevé. Dans tous les cas le liquide est entièrement extrusé et un comportement ressort est observé avec une petite hystérèse. Les valeurs de pression d'intrusion sont de 150, 189, 243 et 321 MPa pour les concentrations de LiCl de 0 M (eau pure), 5 M, 10 M et 13 M, respectivement, ce qui conduit aux valeurs d'énergie mécanique stockée comprises entre 8,4 et 17,7 J/g dans le cas de FER-P. Pour FER-K, seules les concentrations de LiCl entre 0 M et 10 M ont été testées et des valeurs d'énergie comprises entre 9,6 et 14,6 J/g ont été obtenues. Aucune intrusion n'est observée pour les solutions de LiCl 15 M et 20 M probablement parce que celle-ci se produit à une pression trop élevée pour notre porosimètre (400 MPa). Les valeurs très élevées des pressions d'intrusion peuvent être attribuées à la petite taille des ouvertures de pores (8 et 10 atomes de silicium) et au système de pores à canaux (2D).

  Ce chapitre est entièrement dédié à la comparaison des performances énergétiques des systèmes basés sur les zéosils *BEA et BEC. La structure de ces deux matériaux est très similaire, puisque le zéosil BEC est le polymorphe C, composant minoritaire du zéosil *BEA qui correspond en une intercroissance des polymorphes de type A, B et C. Les deux zéosils présentent un système poreux tridimensionnel à canaux avec des grandes ouvertures des pores à 12 atomes de silicium. La taille des pores est de 6,3 x 7,5 Å 2 et 6,0 x 6,9 Å 2 pour le type BEC. La différence principale entre les deux types structuraux, est que le type BEC présente des canaux lineaires. Le matériau zéolithique BEC a été obtenu pour la première fois sous forme germanate (avec le code FOS-5) ensuite sous forme silicogermanate, tandis que le matériau purement silicique avait été observé seulement sous la forme de piliers dans la matrice du zéosil *BEA. Enfin, en 2006, le zéosil BEC a été obtenu par l'équipe du Prof. A. Corma de Valencia. Les performances énergétiques du zéosil *BEA avaient déjà été étudiées par notre équipe en 2014. Les expériences d'intrusion-extrusion d'eau et de solutions aqueuses de LiCl à différentes concentrations ont révélé un comportement irréversible de type pare-chocs pour l'intrusion d'eau et de la solution aqueuse de LiCl 10 M, tandis qu'un comportement entièrement réversible de type amortisseur a été observé pour les concentrations de LiCl 15 et 20 M. Ce changement de comportement est probablement dû à la nature différente du liquide intrusé dans la porosité. Dans le cas de l'eau pure et de la solution aqueuse de LiCl 10 M, les molécules d'eau libres interagissent avec la charpente provoquant la rupture de ponts siloxane et la formation des défauts hydrophiles, sur lesquels l'eau est ensuite adsorbée. Au contraire, si une solution aqueuse fortement concentrée est intrusée, la majorité des molécules d'eau est liée aux ions et celles-ci n'interagissent pas avec la charpente zéolithique. Considérant ces résultats et le fait que le zéosil BEC est un polymorphe du zéosil *BEA, il était intéressant de comparer les performances énergétiques de ces deux matériaux. Pendant ces travaux de thèse, le zéosil BEC a été obtenu en très faible quantité. Seules des expériences d'intrusion-extrusion avec l'eau et la solution aqueuse de LiCl 20 M ont pu être réalisées. De plus, il a été montré que l'échantillon contenait des impuretés de type cristobalite avec une teneur d'environ 10 %. Ainsi, le volume intrusé et le volume microporeux mesuré par adsorption-desorption de diazote sont plus faibles par rapport aux valeurs obtenues pour le zéosil *BEA. La quantité de la phase cristobalite (non poreuse) a été estimée à partir du volume microporeux observé pour les zéosils BEC (0.18 cm 3 /g) et *BEA (0.21 cm 3 /g). Les clichés obtenus par Microscopie Electronique à Balayage (MEB) montrent clairement que deux phases différentes sont présentes: des gros parallélépipèdes correspondants à la phase BEC et des petites particules qui pourraient correspondre soit à la cristobalite soit à des petits cristaux du zéosil BEC. Les systèmes "zéosil BEC-eau" et "zéosil BEC-LiCl 20 M" montrent le même changement du comportement que ceux observés pour les systèmes basés sur le zéosil *BEA, mais avec des performances énergétiques légèrement différentes. Les valeurs des pressions d'intrusion sont de 41 MPa (H 2 O) et 124 MPa (LiCl 20 M) pour le zéosil BEC, tandis que pour le zéosil *BEA elles sont de 53 MPa (H 2 O) et 115 MPa (LiCl 20 M). Pour le zéosil BEC, la pression d'intrusion de la solution de LiCl 20 M est multipliée par trois par rapport à celle de l'intrusion d'eau alors que elle n'est multipliée que pour deux pour le zéosil *BEA. Cette différence de pression est attribuée aux particularités de la charpente de ces matériaux. Les variations de structure, même très faibles, liée surtout à la présence de canaux linéaires pour le zéosil BEC, ont une influence importante sur les performances énergétiques des systèmes. La caractérisation des échantillons après les expériences d'intrusion-extrusion indique que la charpente du zéosil BEC a été endommagée. Les clichés MEB montrent des cristaux entièrement rompus après intrusion d'eau, tandis qu'après intrusion avec la solution aqueuse de LiCl 20 M les cristaux semblent moins endommagés. Avant intrusion, le spectre de RMN de 29 Si MAS, révèle un échantillon bien cristallisé avec trois résonances bien définies alors que trois larges composantes sont observées pour le matériau intrusé avec l'eau. Ce phénomène indique que l'ordre à courte distance de la charpente du zéosil a subi un fort changement provoquant probablement une partielle amorphisation de la structure. Par contre, après l'expérience avec la solution aqueuse de LiCl 20 M, cet effet semble moins prononcé: les trois résonances sont encore bien visibles, mais moins bien définies. De plus, dans les deux cas, l'apparition d'un signal attribué aux groupes silanol a été observée. Ainsi, Index Introduction ..................................................................................................................................... Chapter 1. Bibliography .................................................................................................................. 1.1 Introduction to porous materials ....................................................................................... 1.2 Zeolites .............................................................................................................................
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 1161 Figure 1.1. Simplified representation of porous materials with different pore sizes and corresponding pore size distribution. 6

Figure 1 .

 1 Figure 1.2 (a) Zeolite building units: two SiO 4 /AlO 4 tetrahedra linked by corner-sharing. (b) Example of faujasite (FAU topology) zeolite structure: in this representation, the elements T (Si, Al) of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges. Cations (balancing the negative charge of the mineral framework) and water molecules occluded within the porous structure are not

Figure 1 . 3 .

 13 Figure 1.3. Formation of the LTA, SOD (sodalite) and FAU (faujasite) structures from 4R and 6R PerBUs, with

Figure 1 . 5 .

 15 Figure 1.5. Arrangement of organic structure-directing agents inside the porosity of EMM-23 zeolite (EWT topology). 32

Figure 1 . 6 .

 16 Figure 1.6. Some structure-directing agents (SDAs) used to produce new open SiO 2 structures in fluoride media. 39

  3-trimethyl-6-azabicyclo[3.2.1]octane112 

  pockets N,N-dimethyl-6-azonium-1,3,3- trimethylbicyclo[3.2.1]octane (DMABO + )135 

  description: [crystallographic direction]; <100> means: [100] = [010] = [001]; pore opening size by a number of membered-ring Si atoms; pore diameter in Angstroms; *,**,*** -system dimensionality, 1,2 and 3D, respectively; ↔: interconnected channels; | -non-interconnected channels (for more details, see Baerlocher, McCusker and Olson, "Atlas of Zeolite Framework Types" ed. Elsevier, p. 8, 2007).

  Figure 1.7. (a) Schematic representation of nonwetting liquid in contact with a surface and of (b) nonwetting liquid in contact with a porous solid.

Figure 1 . 8 .

 18 Figure 1.8. Principle of energy absorption and storage in heterogeneous lyophobic systems.

Figure 1 . 9 .

 19 Figure 1.9. Schematic intrusion-extrusion isotherms of heterogeneous lyophobic systems with different behaviors.

  -1 decreased from ~ 100 MPa at 10 °C to ~ 70 MPa at 80 °C. Besides, a slight reduction of the pressure and of the intruded volume values was observed in the following cycles, probably because of the formation of hydrophilic defect sites.Further investigations were also performed on the intrusion of saline aqueous solutions. Han and Qiao 214 tested the intrusion of NaCl aqueous solutions at different concentrations (from 0 to 26 wt%) in high-silica ZSM-5 zeolite (MFI topology) at different temperatures. It was found that the intrusion pressure increased with the content of NaCl, while increasing the temperature (from 22 to 85 °C) the pressure values and the difference between the water intrusion pressure and the one of NaCl at 26 wt% are reduced. Another study was made with sodium acetate solutions where the solubility variation with temperature is used to tune the intrusion pressure.215 

  of HLS-based devices 239 mostly devoted to the absorption and to the dissipation of mechanical energy from shocks, blasts and vibrations. In particular, a new type of HLS-based shock absorbers was developed by Eroshenko for automotive and aviation industry. When placed in working chambers and subjected to periodical compression-expansion processes, "hydrophobic porous silica-water" systems demonstrate pronounced hysteresis phenomena in pressure-volume isotherms. This corresponds to the energy dissipation with specific (volumetric) values of dissipated energy 10-100 times higher than that of cars' conventional oil dampers. A design of damper, where the force does not depend on the speed of rod displacement (the damping coefficient tends to zero) within a wide range of speed values, was also proposed. This kind of shock absorbers has unique properties to operate in frequency range inaccessible for conventional hydraulic analogues. They allow achieving reliable wheel-road adhesion even for a zero damping coefficient (perfect comfort). A simplification of damper's hydromechanical parts and the possibility to use more environmentally friendly oils analogues are other advantages of these devices.240,241 Suciu et al. developed their own design of HLS-based car dampers and demonstrated their stability up to several million cycles

  Si in this work). Transfers are better if the concerned atoms are close to each other, particularly if chemically bonded. This technique allows to reduce the signal/noise ratio and to better observe the defects in zeosil structure (e.g., Q 3 and Q 2 groups: (HO-Si-(OSi) 3 and (HO) 2 -Si-(OSi) 2 , respectively).

Figure 2 .

 2 1b). The volume variation is determined from the capacity measurement which depends on the mercury height in the capillary tube of the glass cell. The maximum volume change is about 0.37 mL. The experimental intrusionextrusion curve is obtained after subtraction of the curve corresponding to the compressibility of pure water or of the LiCl aqueous solution. The values of the intrusion (P int ) and extrusion (P ext ) pressures correspond to that found at the half of the total volume variation. The pressure is expressed in MPa, and the volume variation in mL per gram of anhydrous calcined zeosil.

Figure 2 . 1 .

 21 Figure 2.1. (a) Schematic representation of the "zeosil-nonwetting liquid" system in a 2 mL cylinder cell and (b) schematic representation of a porosimeter cell filled with mercury.

3. 2

 2 CHA-type zeosil3.2.1 Description of the CHA-type frameworkChabazite (CHA structure code) is a natural zeolite that was synthesized in its pure-silica form by Díaz-Cabañas et al.1 in 1998 with a use of N,N,N,-trimethyladamantylammonium as a structure-directing agent which synthesis is described in Annex I. The structure of chabazite is shown in Figure3.1. It is characterized by a 3D cage system with 8 MR pore openings of diameter of 3.8 Å and by a large microporous volume due to the large cavities (diameter of 8.0 Å).2 

Figure 3 . 1 .

 31 Figure 3.1. Channels in chabazite viewed along [010] direction. 3 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 3 . 2 .

 32 Figure 3.2. Cavity in ITE structure viewed (from left to right) along [001], [100] and [010]direction. 3 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

  hydroxide as structure-directing agent (SDA(OH)). The reactants used were: tetraethylorthosilicate (Evonik) as silica source, SDA(OH) (homemade synthesis) and HF ≥ 40 % (Sigma-Aldrich). The starting gel (molar composition: 1 SiO 2 : 0.5 SDA(OH) : 0.5 HF : 7.7 H 2 O) was introduced in a Teflon-lined stainless-steel autoclave and heated at 150 °C during 36 days. After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end, the solid was calcined at 580 °C under air for 6 hours to completely remove the organic template.Protocol B:The Si-ITE sample was synthesized in fluoride medium according to an unpublished procedure communicated by Professor Camblor † from the Institute of Material Science of Madrid using a pyperidinium salt in its hydroxide form as structure-directing agent (SDA(OH)). The reactants used were: tetraethylorthosilicate (Evonik) as silica source, SDA(OH) (homemade synthesis) and HF ≥ 40 % (Sigma-Aldrich). The starting gel (molar composition: 1 SiO 2 : 0.5 SDA(OH) : 0.5 HF : 14 H 2 O) was introduced in a Teflon-lined stainless-steel autoclave and heated at 175 °C during 6 days. After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end, the solid was calcined at 580 °C under air for 6 hours to completely remove the organic template.Due to the difficulty in the reproducibility of the synthesis in both cases, only a small amount of ITE-type zeosil (Si-ITE here below) was obtained and only one intrusion-extrusion experiment with water was realized using a mix of the products of both syntheses. XRD patterns and N 2 adsorption-desorption measurements of the two distinct calcined products are shown in Annex I, whereas below in the discussion (except in SEM and TG analysis) a material resulted from the calcination (580 °C, 6 hours) of the intruded sample was used as reference. This was made since it was not possible to entirely characterize the two initial products because of low available quantity and restricted timing. The use of such reference was validated by the comparison of the results of XRD and N 2 adsorption-desorption, which

Figure 3 . 3 .a

 33 Figure 3.3. First intrusion-extrusion cycle of the "Si-ITE-water" system. For clarity only the first cycle is shown.

  3 and 23.0° 2θ. Their intensities are very low, thus, the presence of ITE phase is largely predominant. The XRD patterns before and after the intrusion-extrusion experiments are quite similar. It means that at the long-range order the structure is not affected.

Figure 3 . 4 .

 34 Figure 3.4. XRD patterns of the Si-ITE samples before and after three intrusion-extrusion cycles in water.

Figure 3 .

 3 Figure 3.5a) and after (mix of synthesis A and B, Figure 3.5b) water intrusion-extrusion experiments. The samples consist in flat long rectangular crystals with 2-4 μm x ~ 0.6 μm dimensions. Small crystals with a size of ~ 100 nm are observed on the surface of the bigger ones. They might be assigned to either small crystallites of ITE-type zeosil or to the impurity observed in the XRD pattern. In Annex I the micrographs of the product obtained in synthesis B are shown: aggregates of big long crystals (up to 60 μm) are observed. After water intrusion-extrusion experiments the crystals are partially broken and damaged.

Figure 3 . 5 .

 35 Figure 3.5. SEM micrographs of Si-ITE samples before (synthesis A) (a) and after (mix of synthesis A and B) (b) three intrusion-extrusion cycles in water.

  N 2 adsorption-desorption isotherms of the nonintruded and of the intruded samples are shown in Figure 3.6. The BET surface area and the microporous volume of the nonintruded sample are 589 m 2 /g and ~ 0.21 cm 3 /g, respectively. Comparable values were obtained for the intruded sample (565 m 2 /g and ~ 0.20 cm 3 /g, for the BET surface area and the microporous volume, respectively). Thus, it can be concluded that the intrusion-extrusion cycles do not considerably affect the zeosil framework. The isotherms of the nonmixed initial products (synthesis A and B) are shown in Annex I.
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 36 Figure 3.6. N 2 adsorption-desorption isotherms at 77 K of the Si-ITE samples before and after three intrusionextrusion cycles in water.

Figure 3 . 7 .

 37 Figure 3.7. TG curves of the Si-ITE samples before and after three intrusion-extrusion cycles in water.

  Si MAS NMR spectra of the Si-ITE samples before and after intrusion-extrusion experiments are shown in Figure 3.8. The spectra are very similar and exhibit four resonances in Q 4 region at -108.8, in their article state that the spectrum shows three resonance at -108.8, -113.7, -115.3 ppm with intensity ratio 1 : 2 : 1 that can be ascribed to the four distinct crystallographic silicon sites of the unit cell even if the third peak of the spectrum reported by the authors is not perfectly symmetric. In our case two different components are visible in the range comprised between -115.3 and -115.6 ppm, corresponding to the third peak in the work of Camblor et al. It can be supposed that for our sample the symmetry of the unit cell is lower or that the impurity affects the spectrum.
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 38 Figure 3.8.29 Si-MAS NMR spectra of the Si-ITE samples before and after three intrusion-extrusion cycles in water.
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 39 Figure 3.9. (a) [4 12 6 8 8 6 ] cavity (α-cavity) and (b) connection mode in one cubic face of LTA. 3 β-cages is underlined. In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

cm 3 /

 3 g are due to the bigger cages(19-hedron cages).
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 310 Figure 3.10. The three types of cage in deca-dodecasil 3R. 9 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 3 .

 3 Figure 3.11. DDR framework viewed along [110] direction.3 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 3 . 12 .

 312 Figure 3.12. First and second intrusion-extrusion cycles of the "Si-DDR-LiCl aqueous solutions" systems. For clarity, the intrusion-extrusion isotherms are shifted along the Y axis.

  13. The patterns before and after the water intrusion-extrusion experiments are quite similar (not shown), which means that at the long-range order, the structure is not affected. Conversely, an interesting phenomenon is observed after 10 M and 20 M LiCl aqueous solutions intrusionextrusion experiences (a magnification of Figure 3.13 is depicted in Figure 3.14). After three cycles (10 M LiCl) and six cycles, (for 20 M LiCl aqueous solution, the experimental intrusion cell was not open between the I-III and IV-VI cycles, therefore no analysis was made on the product intruded three times) the XRD patterns of the intruded products are different from the one obtained for the nonintruded sample. There are a lot of similarities

Figure 3 .

 3 Figure 3.13. XRD patterns of the Si-DDR samples in the as-synthesized form, calcined form before and after three and six intrusion-extrusion cycles in 10 M and 20 M LiCl aqueous solutions, respectively.

Figure 3 . 14 .

 314 Figure 3.14. Magnification of Figure 3.13 in the 14 -31° 2θ range. Green circles and lines indicate the similarities between the patterns of the as-synthesized sample and of the "Si-DDR-20 M LiCl" one.

3 .

 3 15a) and after (Figure 3.15b) intrusion-extrusion experiments. The sample consists in big polyhedral crystals with a diameter of ~ 100 μm. After intrusion-extrusion experiments (the sample intruded with 10 M LiCl aqueous solution is shown in Figure 3.15b as example) the crystals are broken and damaged.

Figure 3 .

 3 Figure 3.15. SEM micrographs of Si-DDR samples before (a) and after (b) three intrusion-extrusion cycles in 10 M LiCl aqueous solution.

  N 2 adsorption-desorption isotherms of the nonintruded and of the LiCl aqueous solutions intruded samples are shown in Figure 3.16. The BET surface area and the microporous volume of the nonintruded sample are ~ 380 m 2 /g and ~ 0.15 cm 3 /g, respectively.Slightly lower values are found for the intruded samples: 297 m 2 /g -0.12 cm 3 /g and 316 m 2 /g -0.13 cm 3 /g for the samples intruded with 10 M and 20 M LiCl aqueous solutions, respectively, that could indicate the creation of few defect sites.

Figure 3 .

 3 Figure 3.16. N 2 adsorption-desorption isotherms at 77 K of the Si-DDR sample before (a) and after six and three intrusion-extrusion experiments in (b) 20 M and (c) 10 M LiCl aqueous solutions, respectively.

  . The total weight loss ranges from 1.0 wt% for the nonintruded sample to 3.2 wt% for the 20 M LiCl aqueous solution intruded one. Such low weight loss confirms the high hydrophobic character of the nonintruded sample.The weight losses occur in three main steps. The first one situated between 30 and 150 °C, is ascribed to the desorption of the physisorbed water molecules and corresponds to 0.7 wt% for the nonintruded sample, to 1.4 and 1.6 wt% for the 10 M and 20 M LiCl aqueous solutions intruded samples, respectively. The second one, in the temperature range of 150-350 °C (~ 0.2 wt% before the intrusion cycles and 0.6 and 0.7 after the intrusion with 10 M and 20 M LiCl aqueous solutions, respectively), could be assigned to strongly physisorbed water molecules, perhaps occluded in the zeosil cages since this weight loss is not visible before the intrusion cycles. The third step comprised between 350 and 800 °C is probably due to water arising from dehydroxylation reactions and corresponds to ~ 1 -OH group per unit cell (Si 120 O 240 ) for the nonintruded sample (0.1 wt%), whereas it corresponds to 6 and 8 -OH groups for 10 M (0.8 wt%) and 20 M (1.0 wt%) LiCl aqueous solutions intruded samples, respectively. In the case of the intruded samples this weight loss occurs in two badly pronounced steps that could be also related with the presence of water molecules strongly trapped inside the small cages.The difference found between 10 and 20 M LiCl intruded samples is in correlation with the ones of XRD patterns.

Figure 3 .

 3 Figure 3.17. TG curves of the Si-DDR samples before and after three and six intrusion-extrusion cycles in 10 M and 20 M LiCl aqueous solutions, respectively.

  Si MAS NMR spectra of the Si-DDR samples before and after intrusion-extrusion experiments are shown in Figure 3.18. The spectrum of the calcined sample shows six resonances at -112.

Figure 3 . 19 .

 319 Figure 3.19. The broad resonance between -98.0 and -108.0 ppm corresponding to Q 3 species is clearly detected in every spectrum. The relative intensity of this resonance increases considerably after the intrusion-extrusion experiments that is in quite agreement with the TG results.

Figure 3 .

 3 Figure 3.19. 1 H-29 Si-CPMAS NMR spectra of the Si-DDR samples before and after three and six intrusionextrusion cycles in 10 M and 20 M LiCl aqueous solutions, respectively.

Figure 3 . 20 .

 320 Figure 3.20. Dependence of the intrusion pressure on the inverse of the larger cage diameter for cage-type zeosils.The cage diameters reported in Princeton University web site were used.2 Si-CHA # corresponds to the pressure value found by Trzpit et al.5 

Figure 3 . 21 .

 321 Figure 3.21. Dependence of the intrusion pressure on LiCl concentration in aqueous solutions for Si-CHA, Si-DDR and Si-LTA-based systems.

Figure 3 . 22 .

 322 Figure 3.22. Dependence of the ratio P int /P int (H 2 O) on LiCl concentration in aqueous solutions for cage-type zeosils-based systems.

  2 in the pure-silica one (MCM-35). This zeolite is characterized by one-dimensional pocket-like channels along the [001] direction with 8 membered-ring (8 MR) pore openings (Figure 4.1) with a size of 3.6 x 3.9 Å 2 . The wrinkled and elongated 8 MR windows at each side of the [4 2 5 8 6 2 8 4 ] cage (where n m means:m is the number of n member ring defining the faces of the cage)3 face very dense portions of the structure and, thus, do not form a zeolitic channel but side pockets (Figure4.2).2 

Figure 4 . 1 .

 41 Figure 4.1. MTF framework viewed along [001] direction. 4 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 4 . 2 .

 42 Figure 4.2. Fusion of cavities along [001] direction into 8 MR ring channels parallel to [001] direction viewed along [010] direction.4 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

  hexamethyleneimine (HMI) (Sigma-Aldrich, 98 %) as structure-directing agent and NH 4 F as fluoride source (Sigma-Aldrich, ≥ 98 %). The starting gel (molar composition: 1 SiO 2 : 0.5 HMI : 0.5 NH 4 F : 15 H 2 O) was introduced in a Teflon-lined stainless-steel autoclave and heated at 175 °C during 12 days under stirring at 60 rpm. After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end, the solid was calcined at 700 °C under air for 4 hours to completely remove the organic template.

Figure 4 . 3 .

 43 Figure 4.3. First intrusion-extrusion cycle of the "Si-MTF-water" and "Si-MTF-LiCl aqueous solutions" systems. For clarity, the intrusion-extrusion isotherms are shifted along the Y axis and only the first cycle is shown.

Figure 4 . 4 .

 44 Figure 4.4. XRD patterns of the Si-MTF samples before and after three intrusion-extrusion cycles in water, 10 M and 15 M LiCl aqueous solutions.

Figure 4 .

 4 5b) intrusion-extrusion experiments. It has been found that the samples consist of flat crystals with irregular shape and size. The average dimensions are 2 -4 μm x 0.5 -0.9 μm with a thickness of ~ 20 nm. After intrusion-extrusion experiments (the sample intruded with 15 M LiCl aqueous solution is shown in Figure 4.5b as example) the crystals are partially broken or damaged.

Figure 4 . 5 .

 45 Figure 4.5. SEM micrographs of Si-MTF samples before (a) and after (b) three intrusion-extrusion cycles in 15 M LiCl aqueous solution.

Figure 4 .

 4 Figure 4.6. N 2 adsorption-desorption isotherms at 77 K of the Si-MTF samples before (a) and after (b) three intrusion-extrusion cycles in 10 M LiCl aqueous solution.

Figure 4 . 7 .

 47 Figure 4.7. TG curves of the Si-MTF samples before and after three intrusion-extrusion cycles in water, 10 M and 15 M LiCl aqueous solutions.

4. 2 .

 2 829 Si MAS NMR spectroscopyThe29 Si MAS NMR spectra of the Si-MTF samples before and after intrusion-extrusion experiments are shown in Figure4.8. All the spectra are very similar and exhibit four resonancesat -111.3, -113.4, -115.5 and -118.6 ppm corresponding to Q 4 groups that can be ascribed to the six non-equivalent crystallographic silicon sites of the MTF framework in agreement with the literature (five resonances found by deconvolution of the spectrum with approximate relative intensities of 2 : 2 : 3 : 2 : 2).2 Before the intrusion-extrusion experiments, no resonance attributable to Q 3 sites is detected. Conversely, a slight broad drift corresponding to ~ 1.0 % of the total29 Si signal can be observed at -102.6 ppm for the intruded samples. It can be assigned to the creation of a slight amount of defect sites (Q 3 groups) in the zeosil framework under intrusion. No other change is detected on the spectra, thus, the intrusion-extrusion experiments do not affect the zeolite structure as observed before.

Figure 4 . 8 .

 48 Figure 4.8. 29 Si MAS NMR spectra of the Si-MTF samples before and after three intrusion-extrusion cycles in water, 10 M and 15 M LiCl aqueous solutions.

Figure 4 .

 4 Figure 4.9. 1 H-29 Si CPMAS NMR spectra of the Si-MTF samples before and after three intrusion-extrusion cycles in water, 10 M and 15 M LiCl aqueous solutions.

1

 1 Description of the CDO-type frameworkCDO-type zeosil was synthesized for the first time by topotactic dehydration-condensation of a layered precursor in aluminosilicate form (MCM-65)5,6 and later in its pure-silica form byIkeda et al. (CDS-1).7 This zeosil is characterized by a two-dimensional channel pore system with pore windows of 8 MR (Figure4.10). The channel parallel to the b direction has a pore opening size of 3.1 x 4.7 Å 2 , while the one along the c direction has a pore opening size of 2.5 x 4.2 Å 2 . This zeolite crystallizes in the orthorhombic symmetry (space group Pnma) with cell parameters: a = 18.355(3) Å, b = 13.779(2) Å, c = 7.3674(6) Å.7 The framework density is 18.1 T / nm 3 .

Figure 4 .

 4 Figure 4.10. CDO framework viewed along [001] direction. 4 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 4 .

 4 Figure 4.11. XRD patterns of (a) the lamellar precursor and of (b) the condensed sample.*: corresponds to an unidentified impurity.

Figure 4 . 12 .a

 412 Figure 4.12. First intrusion-extrusion cycle of the "Si-CDO-water" and "Si-CDO-5 M LiCl aqueous solution" systems. For clarity, the intrusion-extrusion isotherms are shifted along the Y axis.and only the first cycle is shown.

Figure 4 .

 4 Figure 4.13. XRD patterns of the Si-CDO samples before and after three intrusion-extrusion cycles in water and 5 M LiCl aqueous solution.

4 .

 4 14a) and after (Figure 4.14b) intrusion-extrusion experiments. The samples consist of lamellar flat rectangular crystals, which have average dimensions of 1.5 μm x 0.6 μm x 0.1 μm. No presence of other phase is observed. After water or 5 M LiCl aqueous solution intrusion-extrusion experiments (the sample intruded with water is shown in Figure 4.14b as example) the crystals are mostly broken and damaged.

Figure 4 .

 4 Figure 4.14. SEM micrographs of Si-CDO samples before (a) and after (b) three intrusion-extrusion cycles in water.

Figure 4 . 16 . 5 M

 4165 The total weight loss ranges from 1.3 wt% for the nonintruded sample to 1.8 wt% for the one intruded with LiCl aqueous solution. These values are quite low which confirm the hydrophobic character of the material. The weight loss occurs in two main steps. The first one situated between 30 and 200 °C can be ascribed to the desorption of physisorbed water molecules. The second one, in the temperature range of 200-800 °C, is attributed to the desorption of water molecules issued from the condensation of silanol groups. The values of this weight loss correspond to 1 and 2 -OH group per unit cell (Si 36 O 72 ) before and after the intrusion experiments, respectively.

Figure 4 . 5 M

 45 Figure 4.16. TG curves of the Si-CDO samples before and after three intrusion-extrusion cycles in water and 5 M LiCl aqueous solution.

Figure 4 .

 4 Figure 4.17. 29 Si-MAS NMR spectra of the Si-CDO samples before and after three intrusion-extrusion cycles in water and 5 M LiCl aqueous solution.

Figure 4 .

 4 Figure 4.18. 1 H-29 Si-CPMAS NMR spectra of the Si-CDO samples before and after three intrusion-extrusion cycles in water and 5 M LiCl aqueous solution.

Figure 4 .

 4 Figure 4.19. ITH framework viewed along [100] direction.4 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 4 . 20 .

 420 Figure 4.20. First and second intrusion-extrusion cycles of the "Si-ITH-water" and "Si-ITH-LiCl aqueous solutions" systems. For clarity, the intrusion-extrusion isotherms are shifted along the Y axis.

Figure 4 .

 4 Figure 4.21. XRD patterns of Si-ITH samples before and after three intrusion-extrusion cycles in water, 5 M, 10 M and 20 M LiCl aqueous solutions.

Figure 4 . 5 and 10 M

 4510 Figure 4.23. N 2 adsorption-desorption isotherms at 77 K of the nonintruded Si-ITH sample.

Figure 4 .

 4 Figure 4.24. TG curves of the Si-ITH samples before (a) and after three intrusion-extrusion cycles in (b) water, (c) 20 M, (d) 5 M and (e) 10 M LiCl aqueous solutions.

Figure 4 .

 4 Figure 4.25. 29 Si-MAS NMR spectra of the Si-ITH samples before and after three intrusion-extrusion cycles in water.

Figure 4 .

 4 Figure 4.26. 1 H-29 Si-CPMAS NMR spectra of the Si-ITH samples before and after three intrusion-extrusion cycles in water.

4. 5

 5 CFI-and DON-type zeosils 4.5.1 Description of the CFI-and DON-type frameworksIn this section a focus is made on the energetic performances of pure-silica CFI-and DONtype zeolites with extra-large pore openings. They are both characterized by a onedimensional (1D) channel system with 14 MR pore opening.

Figure 4 .

 4 Figure 4.27).

Figure 4 .

 4 Figure 4.27. CFI framework viewed along the [010]direction. 18 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 4 . 29 .

 429 Figure 4.29. In the same image a pseudo orthorhombic unit cell (a = 18.736 Å, b = 8.470 Å, c = 23.414 Å, α = 90°, β = 90.2°, and c = 90°) † is depicted corresponding to the polymorph obtained by Lobo et al. 21

Figure 4 . 28 .

 428 Figure 4.28. Double crankshaft chain.4 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

Figure 4 . 29 .

 429 Figure 4.29. Framework structure of UTD-1F (DON structure type) showing the relationship between the topological orthorhombic unit cell (dashed line) and the observed monoclinic one (full line). Filled and open circles indicate Si tetrahedra pointing down into the page and up out of the page, respectively. Bridging oxygen atoms have been omitted for clarity.22

22

 22 
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 52 Synthesis of the zeosils CFI-type zeosilThe Si-CFI sample was synthesized in fluoride medium according to the procedure published by Barrett et al.16 using N-methyl-(-)-sparteinium in the hydroxide form as structure-directing agent (SDA(OH)). The reactants used were: tetraethylorthosilicate (Evonik) as silica source, SDA(OH) (homemade synthesis, see Annex II) and HF ≥ 40 % (Sigma-Aldrich). The starting gel (molar composition: 1 SiO 2 : 0.5 SDA(OH) : 0.5 HF : 15 H 2 O) was introduced in a Teflon-lined stainless-steel autoclave and heated at 175 °C during 11 days under stirring at 60 rpm. After synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end, the solid was calcined at 650 °C under air for 3 hours to completely remove the organic template. As it will be shown below, the CFI-type zeosil was obtained.

  using [(Cp*) 2 Co]OH as structure-directing agent (SDA(OH)). The reactants used were: fumed silica (Cab-O-Sil M5) as silica source, [(Cp*) 2 Co]F 6 P SDA, (hydroxide form, homemade, see Annex II) and NaOH > 97 % (Carlo Erba). The starting gel (molar composition: 1 SiO 2 : 0.13 SDA(OH) : 0.09 NaOH : 57 H 2 O) was introduced in a Teflonlined stainless-steel autoclave and heated at 150 °C during 14 days. After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. The solid was firstly calcined at 550 °C under air for 6 hours in order to remove the organic part of the template, then treated with a 12 M HCl aqueous solution for 2 hours at room temperature and afterwards with a 7 M HCl one at 50 °C overnight to remove

Figure 4 .

 4 Figure 4.30. First and second intrusion-extrusion cycles of the "Si-CFI-water" and "Si-CFI-LiCl aqueous solutions" systems. For clarity, the intrusion-extrusion isotherms are shifted along the Y axis.

Figure 4 .

 4 Figure 4.31. First and second intrusion-extrusion cycles of the "Si-DON-water" and "Si-DON-LiCl aqueous solutions" systems. For clarity, the intrusion-extrusion isotherms are shifted along the Y axis.

and 4 .

 4 33, respectively. For both zeosils no significant change is observed before and after intrusion-extrusion experiments. This indicates that at the long-range order the structures are not affected by the high pressure experiments.

Figure 4 .

 4 Figure 4.32. XRD patterns of Si-CFI samples before and after three intrusion-extrusion cycles in water, 10 M and 20 M LiCl aqueous solutions.

Figure 4 .

 4 Figure 4.33. XRD patterns of Si-DON samples before and after three intrusion-extrusion cycles in water, 10 M and 20 M LiCl aqueous solutions.

Figure 4 .

 4 Figure 4.34. SEM micrographs of Si-CFI and Si-DON samples before (a and b, respectively) and after three intrusion-extrusion cycles in water (c and d, respectively).

Figure 4 .

 4 Figure 4.35. N 2 adsorption-desorption isotherms at 77 K of the nonintruded Si-CFI samples outgassed at (a) 300 °C and (b) 90 °C and after three intrusion-extrusion cycles in (c) water, (d) 10 M and (e) 20 M LiCl aqueous solutions.

Figure 4 .

 4 Figure 4.36. N 2 adsorption-desorption isotherms at 77 K of the nonintruded Si-DON samples outgassed at 300 °C and 90 °C

Figure 4 .

 4 Figure 4.37. TG curves of the Si-CFI samples before and after three intrusion-extrusion cycles in water, 10 M and 20 M LiCl aqueous solutions.

Figure 4 .

 4 Figure 4.38. TG curves of the Si-DON samples before and after three intrusion-extrusion cycles in water, 10 M and 20 M LiCl aqueous solutions.

  Si MAS NMR spectra of the Si-CFI samples before and after intrusion-extrusion experiments with 10 M LiCl aqueous solution (as example) are shown in Figure 4.39. The spectra of the other intruded samples are not shown, since they are superimposable to the one of the 10 M LiCl intruded Si-CFI sample. Both spectra are very similar and exhibit five resonances at -108.3, -108.7, -113.3, -113.6 and -115.3 ppm (intensity ratio 1 : 2 : 2 : 2 : 1, see the deconvolution in Annex II) corresponding to Q 4 groups(Si-(OSi) 4 ) that can be ascribed to the five non-equivalent crystallographic silicon sites of the CFI framework.20 Before the intrusion-extrusion experiments, no resonance attributable to Q 3 sites (HO-Si-(OSi) 3 or -O-Si-(OSi) 3 ) is detected. Conversely, a slight broad drift corresponding to ~ 2.0 % of the total29 Si signal is observed at -102.8 ppm for the intruded sample. It can be assigned to the creation of a slight amount of defect sites (Q 3 groups) in the zeosil framework due to the high intrusion pressure. However, from these spectra it appears that the intrusion-extrusion experiments do not affect at the short-range order the zeolite structure.

Figure 4 .

 4 Figure 4.39. 29 Si-MAS NMR spectra of the Si-CFI samples before and after three intrusion-extrusion cycles in 10 M LiCl aqueous solution.

Figure 4 .

 4 Figure 4.40. 1 H-29 Si CPMAS NMR spectra of the Si-CFI samples before and after three intrusion-extrusion cycles in 10 M LiCl aqueous solution.

  Si MAS NMR spectra of the Si-DON samples before and after intrusion-extrusion experiments with 10 M LiCl aqueous solution are shown as an example in Figure 4.41. Both spectra exhibit a broad resonance between -106.6 and -119.2 ppm ascribed to Q 4 groups corresponding to the five non-equivalent crystallographic silicon sites of the DON framework.

Figure 4 .

 4 Figure 4.41. 29 Si-MAS NMR spectra of the Si-DON samples before and after three intrusion-extrusion cycles in 10 M LiCl aqueous solution.

Figure 4 .

 4 42. They are very similar and display three components with maxima at -92.6, -103.5 and -112.6 ppm. The latter corresponds to Q 4 groups while the former to Q 2 ((HO) 2 -Si-(OSi) 2 ) and Q 3 (HO)-Si-(OSi) 3 )groups. No significant difference is observed between these spectra which means that the DON-type structure is not or only slightly affected after intrusion-extrusion experiments.

Figure 4 .

 4 Figure 4.42. 1 H-29 Si CPMAS NMR spectra of the Si-DON samples before and after three intrusion-extrusion cycles in 10 M LiCl aqueous solution.

Figure 4 .

 4 Figure 4.43. Dependence of the water intrusion pressure on average channel diameter of the zeosils with 1D channel pore system. For better visibility the two axes are not entirely shown.

  and 4.45 illustrate the dependences of the intrusion pressure on LiCl concentration in aqueous solutions for different zeosils. In the first case (Figure4.44) the dependences for Si-FER-31 (see chapter 5), Si-ITH-, Si-MFI-13 and Si-MTF-based systems are shown. These zeosils have channel openings comprised between 8 and 10 MR. An increase of the intrusion pressure close to linear or even parabolic-like is observed. It should be noticed that for the zeosils with larger pores (MFI and ITH-types) the intrusion of LiCl solutions with concentration up to 20 M was studied, since the observed intrusion pressure values are not extremely high (below 390 MPa), while for FER and MTF-types only the measurement with lower concentrations(13 and 15 M LiCl) were possible since our porosimeter can not afford the pressure required to observe higher intrusion pressures.

Figure 4 .

 4 Figure 4.44. Dependence of the intrusion pressure on LiCl concentration in aqueous solutions for Si-FER-, Si-ITH-, Si-MFI-and Si-MTF-based systems.

  intrusion-extrusion experiments. The silanol defects confer to the zeosil a partially hydrophilic character, thus, they can facilitate the penetration of water molecules into the pores that leads to a lowering of the intrusion pressure. This phenomenon is observed for DON-and CHA-type zeosils. They can be also responsible to the change of systems behavior with LiCl concentration. This change can be related with the formation of silanol defects under intrusion-extrusion experiments with water and low concentrated LiCl aqueous solutions as it was observed in the case of the systems based on *BEA-, BEC-and LTA-type zeosils. Besides, if the defects are present in significant quantity in the samples before intrusion, they can be responsible for fully or partially irreversible bumper behavior observed for Si-ITH and Si-CHA-based systems.

Figure 4 .

 4 Figure 4.45. Dependence of the intrusion pressure on LiCl concentration in aqueous solutions for Si-*BEA-, Si-CFI-and Si-DON-based systems.

Figure 4 .

 4 Figure 4.46. Dependence of the P int /P int (H 2 O) ratio on LiCl concentration in aqueous solutions for channel-type zeosils-based systems. For better visibility the Y axis is not entirely shown.

Figure 5 . 1 .

 51 Figure 5.1. Ferrierite framework viewed along the [001] direction. 4 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

  7, R. Arletti et al. conducted some studies by high pressure XRD on the intrusion of a mixture of water with organic liquids (methanol : ethanol : water in proportion of 16 : 3 : 1 or silicon oil 6 or ethanol and water in proportion of 3 : 1 7 ) in puresilica ferrierite in order to investigate the nature of the intruded liquid. Below the investigations conducted by R. Arletti et al. in collaboration with our team on the high pressure intrusion of a MgCl 2 aqueous solution (MgCl 2 · 21 H 2 O; 2.65 M) in pure-silica ferrierite by in situ synchrotron X-ray powder diffraction are shown. 8 This work was performed in order to understand the nature of the intruded liquid, particularly, if both water molecules and ions enter in the pores of the zeosil. A solution of MgCl 2 was chosen instead of LiCl, because of the higher diffusion factor of Mg 2+ cation which makes easier the Rietveld Chapter 5. Intrusion of saline solutions in FER-type zeosil: evidence of the nature of the intruded liquid by XRD and influence of the crystal morphology on the energetic performances 157 refinement of the XRD data obtained for the intruded system. The intrusion of MgCl 2 aqueous

Chapter 5 .

 5 Intrusion of saline solutions in FER-type zeosil: evidence of the nature of the intruded liquid by XRD and influence of the crystal morphology on the energetic performances 158 this method. For this material the breaking of the siloxane bonds occurred preferentially at the level of the condensation of the layers of the RUB-3916 layered precursor after the high pressure intrusion-extrusion cycles. This chapter is dedicated to the comparison of the energetic performances of heterogeneous lyophobic systems based on *BEA-and BEC-type zeosils. These materials have closely related structures since the latter is a polymorph that composes the former. *BEA-type zeosil

Figure 6 . 1 .

 61 Figure 6.1. BEC framework viewed along [100] direction, where the channel is underlined. 3 In this representation, the silicon atoms of the framework are located at the intersection of the edges, while oxygen atoms are located in the middle of the edges.

3. 4

 4 times for "Si-ITH-20 M LiCl" system. The dependence of the intrusion pressure on LiCl concentration is almost linear for cage-type zeosils and channel-type ones with small pore openings(Si-ITH; 9 and 10 MR and Si-MFI; 10 MR), or parabolic-like(Si-FER; 8 and 10 MR and Si-MTF; 8 MR). Conversely, in the systems based on *BEA-, BEC-, CFI-and DONtype zeosils, which have larger pore windows (12 and 14 MR), the increase is lower(2.1-3.3 times) and particularly pronounced from 0 M (pure water) to 10 M LiCl concentration, while it is low between 10 and 20 M LiCl.In this work, for "Si-ITH and Si-LTA-20 M LiCl" systems, absorbed energy values comparable with the highest result ever obtained on zeosil-based systems(Si-MFI-20 M LiCl) 

  MHz, CDCl 3 ): δ = 4.45 (m, 1H), 3.64 (d, J = 13.1 Hz, 1H), 3.59 (s, 3H), 3.56 (s, 3H), 3.55 (d, J = 13.1 Hz, 1H), 2.36 (m, 2H), 1.88 (br d, J = 17.1 Hz, 1H), 1.75 (br d, J = 17.1 Hz, 1H), 1.66 (m, 2H), 1.23 (s, 3H), 1.22 (s, 3H), 1.10 (s, 3H).

Figure

  Figure I.III. N 2 adsorption-desorption isotherms at 77 K of the nonintruded A and B Si-ITE samples.

  MHz, CDCl 3 ): δ = 7.31 (t, J = 7.6 Hz, 1H), 7.13 (d, J = 7.6 Hz, 2H), 4.94 (ddd, J = 12.4, 4.9 and 2.1 Hz, 2H), 3.67 (s, 3H),3.58 (td, J = 13.4 and 4.3 Hz, 2H), 3.14 (dd, J = 9.1 and 5.7 Hz, 4H), 2.66 (m, 2H), 2.33 (m, 2H).

N 2

 2 Figure II.III. N 2 adsorption-desorption isotherms at 77 K of the Si-ITH samples after three intrusion-extrusion cycles in (a) water, (b) 5 M, (c) 10 M and (d) 20 M LiCl aqueous solutions.

  δ = 4.08 (dd, J = 13.6 and 9.3 Hz, 1H), 3.91 (m, 1H), 3.81 (m, 1H), 3.59 (s, 3H), 3.47 (m, 1H), 3.44 (m, 1H), 2.71 (m, 1H), 2.58 (dt, J = 11.5 and 2.5 Hz, 1H), 2.47 (m, 1H), 2.22-1.12 (m, 18H); 13 C-NMR (100 MHz, 297K, CDCl 3 ): δ = 69.
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Table 1

 1 

	.1: EEI (Si/Al = 70-250) 61,62 , EMT 63 , ESV 64 ,

  Liu et al. investigated the influence of the size of the alkaline cations in chloride salts on the intrusion pressure in zeolite Y (FAU topology)-based systems.200 This zeolite is hydrophilic and water can spontaneously fill the porosity, but it shows a hydrophobic character if saline aqueous solutions (4 M in this work) are used. In this work four chloride salts with cation of different size (LiCl, NaCl, KCl and CsCl) were studied. It was found that the bigger is the cation radius, the lower is the intrusion pressure: 15, 13.5 and 4 MPa for LiCl, NaCl and KCl,

Table 1 .

 1 3. Energetic performances of "MFI-type zeosil-saline aqueous solution" systems: Intrusion (P int ) and Extrusion (P ext ) Pressures, Intruded (V int ) and Extruded (V ext ) Volumes, Stored (E s ) and Restored (E r ) Further theoretical and experimental investigations were performed on the intrusionextrusion of salt solutions with different anions in high-silica zeolite Y.Liu et al. 205 studied the intrusion of aqueous solutions of three different sodium salts, varying the anion size: NaF, NaCl and NaBr. Similar results to the ones described for cations were found, i.e., the intrusion pressure is lower for larger anions. Another work on the confinement effect of NaCl and NaBr solutions in zeolite Y was presented by

	Energies. 198								
	Zeolite	Intruded liquid	a P int [MPa]	a P ext [MPa]	a V int [mL/g]	a V ext [mL/g]	b E s [J/g]	c E r [J/g]	d Yield (%)	Behavior
	MFI	1 LiCl:3 H 2 O	280	275	0.110	0.095	~31	~26	84	Spring
	MFI	1 MgCl 2 :21 H 2 O	182	168	0.110	0.10	20	~17	85	Spring
	MFI	1 NaCl:11 H 2 O	133	125	0.110	0.11	~15	~14	93	Spring
	MFI	water	96	91	0.110	0.11	10.6	10	94	Spring

a Determined from intrusion-extrusion isotherms. b Stored energy E s = V int × P int . c Restored energy E r = V ext × P ext . d Percent restored energy = (E r / E s ) × 100.

  While in the case of water and diluted solutions these free water molecules are able to break siloxane bridges that leads to silanol defects formation. 177 This effect was observed for *BEA-

	(Li(H 2 O) +	x and Cl(H 2 O) y -) are intruded with no free or weakly bounded water molecules.
	177 , BEC-(see chapter 6), CHA-181 , LTA-182 (see chapter 3) and ITH-type zeosils (see chapter
	4).	
	The intrusion-extrusion parameters and the behaviors of "zeosil-LiCl aqueous solution"
	systems observed for each particular LiCl concentration are shown in Table 1.4. In some
	cases it occurs that a spring behavior is reported with an energy yield lower than the one of a
	shock absorber, since different criteria were used in different years (threshold yield of 80 or
	90 %).	

The behavior usually changes from fully or partially irreversible (bumper, mixed bumper and shock absorber) to a more reversible one (see below). This phenomenon is probably due to the difference in the nature of the intruded liquid. The intrusion of highly concentrated solutions led to a lower defect formation in the zeosil framework, since probably only solvated ions Table 1.4. Characteristics of "zeosil-water" and "zeosil-LiCl aqueous solutions" systems: Intrusion (P int ) and Extrusion (P ext ) Pressures, Intruded (V int ) and Extruded (V ext ) Volumes, Stored (E s ) and Restored (E r ) Energies. * and ** referred to the energetic parameters, indicate the number of the first, and the second (and following)

Table 3 . 2
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	System	a P int [MPa]	a P ext [MPa]	a V int [mL/g]	a V ext [mL/g]	b E s [J/g]	c E r [J/g]	d Yield (%)
	Si-DDR -H 2 O 7,11	60	51	0.112	0.112	6.7	5.7	85
	Si-DDR -10 M LiCl	193*/ 166**	166	0.08*/ 0.07 **	0.07	15.4*/ 11.6 **	11.6	75*/ 100**
	Si-DDR -20 M LiCl # 357*/ 253**	130	0.26*/ 0.24**	0.24	93*/ 61**	31	33*/ 51**
	a Determined from intrusion-extrusion isotherms, b Stored energy E s = V int × P int , c Restored energy E r = V ext ×
	P ext , d Percent restored energy = (E r / E s ) × 100.					

. Characteristics of the "Si-DDR-water" and "Si-DDR-LiCl aqueous solutions" systems: Intrusion (P int ) and Extrusion (P ext ) Pressures, Intruded (V int ) and Extruded (V ext ) Volumes, Stored (E s ) and Restored (E r ) Energies. * first cycle. ** second and third cycle.

Table 3 .

 3 3. Trigonal cell parameters of Si-DDR samples before and after calcination and after the intrusionextrusion experiments with the 20 M LiCl aqueous solution.

	Sample	a (Å)	c (Å)	V (Å 3 )
	Si-DDR (as-synthesized)	13.887(3)	40.958(9)	6840.4(18)
	Si-DDR (calcined)	13.754(3)	41.393(10)	6781.5(18)
	Si-DDR-20 M LiCl	13.855(4)	40.950(14)	6807.2(26)

Table 4 .

 4 3. Characteristics of the "Si-ITH-water" and "Si-ITH-LiCl aqueous solutions" systems: Intrusion (P int ) and Extrusion (P ext ) Pressures, Intruded (V int ) and Extruded (V ext ) Volumes, Stored (E s ) and Restored (E r ) Determined from intrusion-extrusion isotherms. b Stored energy E s = V int × P int . c Restored energy E r = V ext × P ext . d % energy yield = (E r / E s ) × 100.

	Energies.							
	System	a P int [MPa]	a P ext [MPa]	a V int [mL/g]	a V ext [mL/g]	b E s [J/g]	c E r [J/g]	d Yield (%)
	Si-ITH -H 2 O	82	/	0.08	/	6.6	/	/
	Si-ITH -5 M LiCl	119	/	0.08	/	9.5	/	/
	Si-ITH -10M LiCl	175	/	0.08	/	14.0	/	/
		280*/	117*/	0.11*/	0.06*/	30.8*/	7.0*/	22*/
	Si-ITH -20 M LiCl	138**	117**	0.06**	0.06**	8.3**	7.0**	84**

a * first cycle, ** second and third cycle.

  16,17 DON-type zeolite, the first zeolite with pore opening larger than 12 MR, was synthesized by Freyhardt et al. (UTD-1)17 

	in	hydroxide	medium	using	the	organometallic	complex	(bis
	(pentamethylcyclopentadienyl)cobalt(III) hydroxide, [(Cp*) 2 Co]OH) as structure-directing

Table 4 .

 4 5. Characteristics of the Si-CFI and Si-DON-based systems: Intrusion (P int ) and Extrusion (P ext ) Pressures, Intruded (V int ) and Extruded (V ext ) Volumes, Stored (E s ) and Restored (E r ) Energies. The values are the same for the three intrusion-extrusion cycles. Stored energy E s = V int × P int . c Restored energy E r = V ext × P ext . d Energy yield (%) = (E r / E s ) × 100.

	System	P int [MPa] a	P ext [MPa] a	V int [ml/g] a	V ext [ml/g] a	E s [J/g] b	E r [J/g] c	Yield (%) d
	Si-CFI -H 2 O	75	75	0.08	0.08	6.0	6.0	100
	Si-CFI -10 M LiCl	147	143	0.09	0.09	13.2	12.9	97
	Si-CFI -20 M LiCl	162	158	0.09	0.09	14.6	14.2	97
	Si-DON -H 2 O	26	21	0.04	0.04	1.0	0.8	81
	Si-DON -10 M LiCl	81	70	0.06	0.06	4.9	4.2	86
	Si-DON -20 M LiCl	85	75	0.08	0.08	6.8	6.0	88

a Determined from intrusion-extrusion isotherms. b

Table 4 .

 4 6. Microporous volume (V micro ) and specific surface area (S BET ) values obtained from N 2 adsorptiondesorption isotherms at 77 K °C of Si-CFI samples before and after intrusion-extrusion experiments outgassed at 90 and 300 °C.For all Si-DON samples, the N 2 adsorption-desorption isotherms are mainly of type I and characteristic of microporous solids. The isotherms of the nonintruded sample are shown in Figure4.36. The BET surface area and the microporous volume of the nonintruded sample outgassed at 300 °C are 408 m 2 /g and 0.15 cm 3 /g, respectively, while when outgassed at 90 °C they are 252 m 2 /g and 0.10 cm 3 /g, respectively. Similar characteristic data are obtained for the intruded samples outgassed at 90 °C whatever the nonwetting liquid (see Annex II).

	Outgassing	Si-CFI	Si-CFI	Si-CFI-H 2 O	Si-CFI-10 M	Si-CFI-20 M
	temperature	(300 °C)	(90 °C)	(90 °C)	LiCl (90 °C)	LiCl (90 °C)
	V micro (cm 3 /g)	0.130	0.095	0.050	0.050	0.035
	S BET (m 2 /g)	343	245	125	130	95
	Si-DON samples					

F -

OH -

Chapter 3. Comparison of the energetic performances of zeosils with a cage system and 8 MR pore openings

† The standard deviation is not reported by the authors in ref.[START_REF] Guth | Catalysis and Zeolites[END_REF] Chapter 4. Comparison of the energetic performances of zeosils with a channel system

Chapter 6. Comparison of the energetic performances of *BEA-and BEC-type zeosil-based systems

H NMR (CDCl 3 , 300 MHz,

297K): δ = 7.80 (br s, 1H, NH);6.23 (dd, J = 4.6 and 3.1 Hz, 
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Protocol B:

The reactants used were: Ludox-AS 40 (Sigma-Aldrich) as silica source, hexamethyleneimine (HMI) (Sigma-Aldrich, 98 %) as structure-directing agent and HF as fluoride source (Sigma-Aldrich, ≥ 40 %). The starting gel (molar composition: 1 SiO 2 : 0.5 HMI : 0.5 HF : 15 H 2 O) was introduced in a Teflon-lined stainless-steel autoclave and heated at 175 °C during 12 days under stirring at 60 rpm. After the synthesis, the product was filtered, washed with distilled water and ethanol, then dried in an oven at 70 °C overnight. At the end the solid was calcined at 700 °C under air for 4 hours to completely remove the organic template.

Synthesis strategy:

A first try was made with NH 4 F (Synthesis A). The XRD pattern corresponds to the MTFtype zeosil, but amorphous phase was observed too (not shown). Its presence was confirmed by SEM (not shown). Then, another test was made with the half of the amount of the reactants indicated in the Barret et al. work and a good product was obtained. An explanation could be a more homogeneous temperature inside the autoclave when a smaller amount of reactants is used or more heating time was required in the first case because of the absence of seeds (used in the protocol reported in the article). Conversely the good product was obtained in synthesis B without seeds with the same silica content of the first A test.

Intrusion-extrusion isotherms

The intrusion-extrusion isotherms (pressure-volume diagrams) of the "Si-MTF-water" and "Si-MTF-LiCl aqueous solutions" systems are shown in Figure 4.3 and the corresponding energetic performances are reported in Table 4.1.

N 2 adsorption-desorption isotherms

The N 2 adsorption-desorption isotherms of the nonintruded and intruded samples are shown in Figure 4.15. The BET surface area and the microporous volume of the nonintruded sample are ~ 95 m 2 /g and ~ 0.04 cm 3 /g, respectively, that is considerably lower than the values reported in the literature (0.13 cm 3 /g). 7 This difference could be ascribed to a not perfect condensation (presence of thin and large peaks, see Figure 4.11), to -OH groups that occlude the small opening of the pores, or to the channels parallel to the crystallite length (see Figure 4.14), that do not allow to N 2 molecules to fill the totality of the porosity. Only slightly lower values were obtained for the intruded samples (85 m 2 /g and ~ 0.03 cm 3 /g for BET surface area and microporous volume, respectively). Thus, it can be supposed that the intrusion-extrusion cycles do not considerably affect the zeosil framework. The high adsorbed volume at p/p 0 > 0.9 is probably related with the high external surface of lamellar zeosil crystals (interlamellar porosity). Despite the low textural properties of CDO samples, a full characterization was performed. 

Scanning Electron Microscopy

The Si-ITH samples were examined by scanning electron microscopy, before ( 

N 2 adsorption-desorption isotherms

The N 2 adsorption-desorption isotherms of the nonintruded sample is shown in Figure 4.23.

The isotherms of the intruded samples are very close to the presented one (see Annex II). In all the cases the isotherms are mainly of type I characteristic of microporous solids. A high adsorbed volume at p/p 0 > 0.9 can be related with the high external surface of lamellar zeosil crystals (interlamellar porosity). The corresponding BET surface (S BET ) area and microporous volumes (V micro ) are reported in Table 4.4. The BET surface area and microporous volume of the nonintruded sample are 471 m 2 /g and 0.16 cm 3 /g, respectively, which are similar to the values reported in the literature. 14 Almost the same values were obtained for the intruded samples. Thus, it can be supposed that the intrusion-extrusion cycles do not considerably impact the zeosil framework.

The intruded volumes of water and LiCl aqueous solutions are considerably lower (0.08-0.11 mL/g), but it is in agreement with the work of Desbiens et al. 15 , where it was shown that the density of intruded water in the pores is considerably lower than in the bulk.

MTT, MTW and TON). [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF][START_REF] Roth | [END_REF] A previous work showed that the intrusion pressure is related to the pore window diameter for channel-type zeosils and to the cage diameter for cage-type ones. The more the dimension is reduced, the more the intrusion pressure is high. 25 The results observed in this chapter confirms this tendency even if the results dispersion is quite significant. We can compare six (IFR-, MTF-and STF-type zeosils are not considered since they have channels with side-pockets) different zeosil structure types with 1D channels of different diameter: AFI, CFI, DON, MTT, MTW and TON. The dependence of the intrusion pressure on the channel diameter is shown in Figure 4.43, where the "intrusion pressure -pore diameter" correlation is clearly observed. As mentioned before (section 4.5.3), according to previously obtained results TON-and MTT-type zeosils, which are characterized by a 10 MR pore opening with similar diameter, show a very high and almost equal intrusion pressure values (186 and 176 MPa, respectively). [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF][START_REF] Roth | [END_REF] Coherently, in the case of AFI-and MTW-type zeosils, which have larger pore opening (12 MR), water molecules can be more easily intruded into the porosity at 57 and 126 MPa, respectively. [START_REF] Patarin | Nanomaterials and Nanochemistry[END_REF] The huge difference between the latter values is ascribed to the peculiar large dimension of AFI-type zeosil pore opening, (7.3 x 7.3 Å 2 ) compared to MTW one (5.6 x 6.0 Å 2 ). Since the AFI-type zeosil pore opening is similar to the Si-CFI-type one (7.2 x 7.5 Å 2 ), as expected the intrusion pressure is observed in the same pressure range (57 and 75 MPa, respectively). The difference in the pore opening size leads to a difference in the intrusion pressure even if both CFI-and DON-type zeosils have 14 MR pore openings. In the case of Si-DON based systems the values of the intrusion pressure are considerably lower in comparison with the ones obtained for Si-CFI (26 and 75 MPa, respectively), since the pore apertures of the DON-type structure are larger than Si-CFI ones (8.1 x 8.2 Å 2 and 7.2 x 7.5 Å 2 , respectively). This difference could also be ascribed to the higher content of hydrophilic silanol groups in Si-DON sample which facilitate the penetration of water molecules inside the pores.

Conclusions and perspectives

During this work the energetic performances of many new "zeosil-water" and "zeosil-LiCl aqueous solutions" systems were investigated in order to better understand the influence of the zeosil structure and the effect of the saline solutions on the intrusion. The following structure types of zeosils were studied: BEC, CDO, CFI, CHA, DDR, DON, FER, ITE, ITH, LTA and MTF. Among them, 8 zeosils (BEC, CDO, CFI, DON, ITE, ITH, LTA and MTF) have never been studied in intrusion-extrusion experiments, for the others the intrusion of saline solutions has never been investigated.

The water intrusion-extrusion cycles performed on four cage-type zeosils with 8 MR pore openings (Si-CHA, Si-DDR, Si-ITE and Si-LTA) have confirmed that in these systems the liquid fills the porosity at relatively low pressure values (20-60 MPa). Conversely, in channeltype ones (Si-BEC, Si-CDO, Si-CFI, Si-DON, Si-FER, Si-ITH and Si-MTF) the intrusion pressure value is generally higher. This work has also confirmed that in the systems based on channel-type zeosils the intrusion pressure increases with the channel diameter decrease, while for the cage-type ones the intrusion pressure is higher for small cage sizes. The highest water intrusion pressures values have been found for 1D and 2D channel-type zeosils and despite a non optimized material, the maximal value is observed for CDO-type zeosil (twodimensional channel-type, 8 MR pore openings) at 210 MPa.

The systems based on ITE-and DDR-type zeosils demonstrate fully reversible spring behavior in water intrusion-extrusion experiments, whereas in the case of CHA-and LTAtype zeosils the intrusion in the 1 st cycle is partially and fully irreversible, respectively. On the contrary, all the systems based on channel-type zeosils show a completely reversible behavior, except Si-BEC and Si-ITH-based systems, in which the intruded water molecules remain inside the porosity that corresponds to an irreversible bumper behavior. This phenomenon is probably related with the presence or the formation of silanol groups, which interact with the water molecules hindering the outflow, as already shown for *BEA-type zeosil.

In order to study the influence of LiCl concentration on the energetic performances of the systems, the intrusion-extrusion experiments with aqueous solutions at different concentrations were performed. The results were compared to the ones previously found for the systems based on *BEA-and MFI-type zeosils. A huge increase of the intrusion pressure

Annex I

Synthesis of the structure-directing agent of the CHA-type zeosil.

N,N,N-trimethyl-1-adamantammonium iodide

Under inert atmosphere, at room temperature, in a 500-ml double neck flask 6.036 g (39.9 mmol) of 1-adamantylamine were dissolved in 300 ml of anhydrous methanol, then 40 g (399.5 mmol) of KHCO 3 and 67.24 g (473.7 mmol) of CH 3 I were added drop by drop.

After five days of stirring, the solution was evaporated under vacuum to obtain a white solid.

The residue was dissolved in 450 ml of chloroform and stirred for 5 hours. The white KHCO 3 solid was filtered off and the organic filtrate was evaporated under vacuum to obtain a white solid. The crude product was purified by recrystallization in methanol to afford the desired ammonium salt (m = 10.5 g, 82 % yield). 

NMR (300 MHz, CDCl

Annex III

The Si-BEC sample was synthesized according to the procedure published by Cantín et al. 1 using 4,6 ]undec-8-ene hydroxide as structure-directing agent. Therefore, the first step consisted in the synthesis of the SDA.

Synthesis of the structure-directing agent : 4,4-dimethyl-4-azonia-tricyclo[5.2.2.0 2,6 ]undec-8ene iodide SDA This synthesis was made in three steps named hereafter LR 29, LR 37 and SDA. Under inert atmosphere in a 250-ml flask, were added 6.620 g (68.2 mmol) of maleimide, 160 ml of anhydrous toluene and 6.5 ml (68.2 mmol) of 1,3 cyclohexadiene. The reaction mixture was stirred at 120 °C for 4 days. After completion of the reaction (monitored by 1 H-NMR), the mixture was then allowed to return to room temperature. To facilitate the crystallization, the solution was cooled at 0 °C. The obtained product was filtered and washed with pentane to obtain LR 29 with a yield of 93 % (11.245 g).

2H); 3.14 (m, 2H); 2.89 (t, J = 1.6 Hz, 2H); 1.69-1.55 (m, 2H); 1.42-1.36 (m, 2H).

2) Synthesis of octahydro-4,7-etheno-isoindole LR 37 In a 250-ml flask were dissolved under inert atmosphere 7.977 g (53.49 mmol) of LR 37 in 40 ml of anhydrous methanol, then 36.964 g (267.45 mmol) of K 2 CO 3 and 16.6 ml (267.45 mmol) of CH 3 I were added. After 24 hours of stirring, the mixture was filtered and the filtrate was concentrated under vacuum. In order to eliminate traces of base, the residue was dissolved in CH 2 Cl 2 and filtered. The filtrate was concentrated under reduced pressure to obtain a solid with a yield of 80 % (13.125 g). 6, 52.2, 41.5, 31.1, 23.7.

The hydroxide form of the structure-directing agent was obtained by ionic exchange on the resin Amberlyst A-26(OH).