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Inductively coupled plasma/

Par conséquent, le contexte général du projet repose sur l'importance de développer une méthode innovante, durable et extrapolable à l'échelle industrielle pour la production de silicates de calcium hydratés, comme la xonotlite et la tobermorite. Un procédé de synthèse en continu et utilisant la technologie supercritique a été mis en place, permettant grâce à une cinétique de réaction ultra-rapide la synthèse de ces phases minérales en quelques secondes seulement. Aussi, en plus des temps de synthèse très courts, les minéraux synthétiques obtenus présentent une cristallinité et une pureté élevées, au contraire de leurs homologues naturels. Ces caractéristiques ont rendu possible une étude fondamentale approfondie de la structure des silicates de calcium hydratés, qui n'était pas encore complètement comprise.

Le premier défi technique de ce projet était lié à la conception et au développement d'un réacteur adapté et personnalisé devant permettre la production en continu de quan-Résumé tités significatives de particules de CSH, ∼ 2,9 g/h de xonotlite (à M = 0,1 mol/L et 7 s) et ∼ 1,4 g/h (à M = 0,05 mol/L et 8 s) de tobermorite dans l'eau supercritique.

Pour la synthèse de la xonotlite, nous avons étudié l'effet de la température, de la pression et du temps de séjour. Dans ce travail, pour la première fois, nous avons montré que la formation de xonotlite a lieu dans une large gamme de températures, de Dans l'ensemble, ce travail pourrait servir de point de départ à la compréhension de la dynamique de l'eau dans des hydrates de silicate de calcium plus complexes, tels que le gel de silicate de calcium hydraté (C-S-H gel). Dans un contexte général, nos résultats fournissent un solide corpus de connaissances fondamentales pour d'autres matériaux contenant de l'eau, avec un impact significatif dans plusieurs domaines en science des matériaux.

Par la suite, les nanoparticules de xonotlite et tobermorite ont été exploitées dans deux domaines d'applications différents. Le premier est basé sur l'utilisation de ces phases Résumé minérales dans les matériaux cimentaires, grâce à leur grande compatibilité chimique. En effet, le ciment est le matériau le plus utilisé dans le monde de nos jours, et par conséquent, du fait de la grande quantité de "clinker" produite, l'industrie du ciment représente chaque année 8% des émissions anthropiques mondiales de CO 2 . Dans ce contexte, la recherche pour la production d'un ciment plus écologique et plus durable est un défi d'une importance majeure pour réduire son empreinte environnementale. Le grand intérêt de l'emploi des nanoparticules de xonotlite et de tobermorite repose sur deux raisons. Premièrement, elles peuvent agir comme « accélérateurs de mise en place» afin de développer la matrice de ciment plus rapidement et, du point de vue de l'application, de réduire le temps et les coûts de construction. Deuxièmement, les ajouts de CSH permettent de remplacer partiellement la quantité de "clinker", et en même temps d'améliorer les performances mécaniques et le cycle de vie des structures en ciment.

Dans ce projet, nous avons porté notre attention sur l'utilisation de ces nanoparticules minérales comme ajout pour accélérer l'hydratation du ciment. Des études antérieures ont proposé que l'effet accélérateur du CSH repose sur un mécanisme d'ensemencement, agissant comme des points de nucléation qui déclenchent la formation rapide et autocatalytique du principal produit d'hydratation du ciment, le gel de silicate de calcium hydraté.

Nous avons aussi testé l'effet de la xonotlite et de la tobermorite sur les réactions chimiques d'hydratation du ciment à travers des analyses calorimétriques et de mesures in situ synchrotron par microtomographie aux rayons X, réalisées lors d'un séjour à l'Université de Berkeley. Les résultats ont montré que les deux minéraux peuvent accélérer la formation du gel C-S-H. Ce phénomène peut être expliqué en considérant que la nucléation se produit seulement sur ou près des surfaces des particules de "clinker" pendant un processus normal d'hydratation non ensemencée. Au contraire, les germes de xonotlite et de tobermorite conduisent à la formation du gel C-S-H dans l'espace poreux entre les particules de "clinker". De plus, les résultats ont mis en évidence la meilleure performance de la xonotlite par rapport à la tobermorite, ce qui pourrait être lié à son rapport Ca/Si plus élevé. En fait, bien que les germes de nanoparticules améliorent la formation du gel C-S-H, elles pourraient également adsorber les ions calcium et hydroxyde de la solution aqueuse, créant un gradient de concentration local qui pourrait accélérer l'épuisement des particules de "clinker".

La deuxième application considère l'utilisation de la xonotlite comme précurseur pour produire, suite à sa déshydratation, un silicate de calcium, la wollastonite. Le grand intérêt pour la production de la wollastonite synthétique repose sur sa polyvalence en tant que matériau adapté à une large gamme d'applications industrielles. Cette phase minérale est particulièrement utilisée pour le renforcement mécanique de produits tels que les plastiques, les céramiques et le béton. En outre, elle est largement utilisée dans l'industrie mé- La synthèse de la wollastonite à seulement 500 • C et 8 MPa en 1 h peut être considérée comme révolutionnaire dans le domaine de la production de silicate de calcium. En effet, grâce aux analyses thermogravimétriques couplées à la spectroscopie de masse (ATG-MS) et à la DRX à haute température, nous avons observé que cette transformation de phase a lieu, à pression ambiante, à environ 800 • C. Afin de comprendre quels phénomènes sont impliqués dans le processus hydrothermal, une étude paramétrique combinée à une caractérisation approfondie des matériaux produits ont été réalisées dans ce travail. Une information critique sur le processus de synthèse par déshydratation hydrothermal que nous avons Résumé recueillie est liée à la transition de phase. Sur la base de nos résultats, on peut affirmer que pendant le traitement hydrothermale, la phase xonotlite se transforme d'abord en wollastonite-1T, qui se transforme ensuite en wollastonite-2M.

La wollastonite produite présente une cristallinité élevée, comme le montrent la DRX, la RMN et la microscopie électronique à haute résolution (Figure 4(b)). De plus, les particules de wollastonite de taille nanométrique présentent une morphologie fibreuse, ce qui rend ce matériau très attractif en termes de réactivité liée à la surface spécifique élevée, ou pour des applications de renforcement dans plusieurs matériaux.

Enfin, dans le but d'élargir la production de minéraux synthétiques aux exigences industrielles, l'impact environnemental de cette méthodologie a été étudié pour la première fois par l'analyse du cycle de vie (ACV).

Les impacts des paramètres les plus pertinents, tels que l'énergie, la nature et la concentration des précurseurs, ont été analysés pour permettre une optimisation. Les résultats ont montré que les impacts les plus significatifs sont les précurseurs et la consommation de chaleur pour les deux phases minérales à l'échelle du laboratoire. Il a été constaté que la production de 1 kg de tobermorite a un impact environnemental plus important, en terme de réchauffement climatique, en raison du rendement de conversion plus faible de la réaction. En outre, dans ce cas, le nitrate d'aluminium génère des impacts supplémentaires par rapport à la production de 1 kg de xonotlite. L'utilisation d'une source d'aluminium a un impact significatif sur des catégories telles que l'appauvrissement de l'ozone stratosphérique, l'écotoxicité de l'eau douce, la toxicité cancérigène pour l'homme et la rareté des ressources minérales.

L'objectif principal de cette étude était d'identifier où des améliorations pourraient être réalisées afin de renforcer l'attrait de la synthèse en milieu supercritique en tant que méthodologie durable. Par conséquent, nous avons considéré la récupération de chaleur et la concentration molaire des précurseurs comme des paramètres à optimiser à l'échelle industrielle. Premièrement, en ajoutant un échangeur de chaleur (efficacité de 90 %), la consommation d'énergie a diminué de 477, [START_REF] Moropoulou | Composite materials in ancient structures[END_REF] En conclusion, les résultats ont souligné l'importance cruciale du choix des produits chimiques appropriés pour réduire considérablement les impacts environnementaux. Ce travail représente la première étude par ACV du profil environnemental de la synthèse hydrothermale par fluide supercritique pour produire des nanominéraux synthétiques de silicates de calcium hydratés.
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Desde el comienzo de la civilización, los minerales naturales han jugado un papel clave como materia prima para el desarrollo social, económico y tecnológico de la sociedad moderna. Entre la amplia variedad de minerales que se pueden encontrar en la naturaleza, los silicatos de calcio hidratados (CSH) son miembros de una gran familia de minerales relacionados con los materiales cementicios. Se forman como resultado de un proceso hidrotermal geológico en el que los fluidos hiperalcalinos reaccionan con rocas ígneas básicas; también son producto de reacciones químicas durante la hidratación del cemento. En los últimos años, dos minerales pertenecientes a esta familia, a saber, xonotlita

((CaOH) 2 Ca 3.6 (H 0.8 Si 6 O 17 )• m H 2 O, con m ≤ 2) y la tobermorita (Ca 4 Si 6 O 15 (OH) 2 • 5H 2 O),
han despertado un interés creciente en varios campos, como aplicaciones ortopédicas, materiales aislantes, agentes estabilizadores para atrapar impurezas en aguas residuales y como adiciones en cemento. Sin embargo, tanto la tobermorita como la xonotlita son minerales raros en la naturaleza cuya cristalización requiere millones de años, lo que limita severamente su uso potencial. Hasta ahora, la producción de estos minerales se ha realizado mediado procesos hidrotermales a temperaturas entre 180 • C y 220 • C. Desafortunadamente, esta metodología convencional requiere tiempos de síntesis muy largos, del orden de diez horas, o incluso varios días, para obtener materiales cristalinos.

Por tanto, el contexto general del proyecto se basa en la importancia de desarrollar una metodología innovadora y sostenible que se pueda escalar a escala industrial para la producción de silicatos cálcicos hidratados, como xonotlita y tobermorita. Se ha puesto en marcha un proceso de síntesis continuo mediante tecnología supercrítica que permite, gracias a una cinética de reacción ultrarrápida, la síntesis de estas fases minerales en tan solo unos segundos. Además de los tiempos de síntesis muy cortos, los minerales sintéticos obtenidos exhiben una alta cristalinidad y pureza, a diferencia de sus contrapartes naturales. Estas características hicieron posible un estudio fundamental en profundidad de la estructura de los silicatos de calcio hidratados, que aún no se entendía completamente.

El primer desafío técnico de este proyecto estuvo relacionado con el diseño y desarrollo de un reactor adaptado y personalizado que permita la producción continua de cantidades significativas de partículas de CSH, ∼ 2,9 g/h de xonotlita (en M = 0.1 mol/L y 7 s)

Resumen y ∼ 1.4 g/h (en M = 0.05 mol/L y 8 s) de tobermorita en agua supercrítica.

Para la síntesis de xonotlita, se estudió el efecto de la temperatura, la presión y el tiempo de residencia. En este trabajo, por primera vez, hemos demostrado que la formación de xonotlita tiene lugar en un amplio rango de temperaturas, de 250 a 350 • C a 23,5 MPa en solo unas pocas decenas de segundos. Sobre la base de estos resultados, queda claro el interés de utilizar esta metodología como una ruta de fabricación rápida, rentable y escalable para producir fibras sintéticas de xonotlita con el fin de reemplazar la metodología hidrotermal convencional, que es muy larga. Además, observamos que en condiciones supercríticas (400 • C y 25 MPa) se evitaba la cristalización de otras fases, y era posible obtener la xonotlita monofásica altamente cristalina, al tiempo que se reducía el tiempo de residencia a 7 s. La morfología y la estructura química de la xonotlita se estudiaron mediante microscopía electrónica, difracción de rayos X (DRX), resonancia magnética nuclear (RMN) (Figura 5). La síntesis de tobermorita se llevó a cabo en condiciones supercríticas a una temperatura de 400 • C, presión de 25 MPa en solo 8 s. Hemos estudiado en profundidad la estructura del material utilizando una combinación de métodos analíticos como DRX, Raman y espec-Resumen troscopía infrarroja (IR) y NMR (Figura 6). Hemos observado que nuestra tobermorita se caracteriza por una estructura muy ordenada y un alto grado de polimerización, lo que a su vez incide en sus propiedades mecánicas intrínsecas. Encontramos, mediante DRX a alta presión (HP-DRX), que nuestro material exhibe un módulo de elasticidad isostático más alto K 0 que lo que se observa comúnmente para otras muestras de tobermorita sintética.

El estudio de propiedades mecánicas, realizado aquí por primera vez sobre tobermorita sintetizada en agua supercrítica, proporciona información para predecir el comportamiento a largo plazo del mineral, relevante en aplicaciones relacionadas con el diseño de materiales a base de cemento con tobermorita. Gracias a las ventajas que ofrece la síntesis continua en un medio supercrítico, hemos producido minerales de xonotlita y tobermorita muy cercanos a sus contrapartes naturales imitando los ambientes de alta temperatura y presión del proceso geológico. Como resultado, nuestros materiales representan un excelente sistema modelo para la caracterización en profundidad de las redes de enlaces de hidrógeno y el agua nanoconfinada en estos minerales. En este contexto, uno de los objetivos más críticos alcanzados por este trabajo se basa en la correlación entre la dinámica del agua nanoconfinada y los ambientes químicos locales en los nanominerales de silicato de calcio hidrato. A pesar de las simili-Resumen tudes en sus estructuras estequiométricas, los entornos químicos de xonotlita y tobermorita están dominados por los grupos Ca-OH y Si-OH, respectivamente. El origen estructural específico de cada proceso de relajación dieléctrica de moléculas de agua confinadas se ha demostrado mediante una combinación de técnicas espectroscópicas (IR, RMN, espectroscopia dieléctrica). Se ha asumido previamente que la dinámica de relajación más rápida (P1) encontrada en las fases de silicato de calcio hidratado se origina a partir de iones hidroxilo. Sin embargo, este trabajo confirma esta atribución al distinguir entre entornos de Ca-OH y Si-OH. Nuestros resultados también revelan que el segundo proceso (P2) está íntimamente ligado a la dinámica de hidratación/solvatación del agua y que este proceso es sensible al ambiente químico local. A este respecto, hemos observado que la distribución de moléculas de agua ordenadas "ice-like" en los ambientes ricos en Si-OH de tobermorita se transforma en una distribución "liquid-like" desordenada en el ambiente enriquecido con Ca-OH xonotlita. Finalmente, nuestros experimentos sugieren que el proceso más lento (P3) está relacionado con el agua no evaporable y acoplado a las movilidades iónicas. La figura 7 destaca los tres procesos observados y su tiempo de relajación típico en función de la temperatura.

Figure 7: (a) Dependencia de la temperatura de los tiempos de relajación ligados a la dinámica observada en tobermorita (en rojo) y xonotlita (en azul). (b) Representación esquemática de la correlación entre la estructura química de la xonotlita y la tobermorita y su efecto sobre la dinámica del agua nanoconfinada, basada en los resultados de este trabajo.

En general, este trabajo podría servir como punto de partida para comprender la dinámica del agua en hidratos de silicato de calcio más complejos, como el gel de silicato de calcio hidratado (gel C-S-H). En un contexto general, nuestros resultados proporcionan un cuerpo sólido de conocimiento fundamental para otros materiales que contienen agua, con un impacto significativo en varias áreas de la ciencia de los materiales.

Posteriormente, las nanopartículas de xonotlita y tobermorita se han explotado en dos campos de aplicación diferentes. El primero se basa en el uso de estas fases minerales en materiales cementicios, gracias a su alta compatibilidad química. De hecho, el cemento

Resumen es el material más utilizado en el mundo en la actualidad y, por lo tanto, debido a la gran cantidad de "clinker" que se produce, la industria cementera representa el 8% de las emisiones antropogénicas globales cada año. En este contexto, la investigación para la producción de un cemento más verde y sostenible es un desafío de fundamental importancia para reducir la huella ambiental. El gran interés en el uso de nanopartículas de xonotlita y tobermorita se basa en dos razones. Primero, pueden actuar como "aceleradores de hidratación" para desarrollar la matriz cementicia más rápidamente y, desde el punto de vista de la aplicación, reducir el tiempo y los costos de construcción. En segundo lugar, las adiciones de CSH permiten reemplazar parcialmente, reducir la cantidad de "clínker", mejorando al mismo tiempo el rendimiento mecánico y el ciclo de vida de las estructuras cementicias.

En este proyecto, nos enfocamos en el uso de estas nanopartículas minerales como un agregado para acelerar la hidratación del cemento. Estudios anteriores han propuesto que el efecto acelerador de la CSH se basa en un "efecto semilla", que actúa como puntos de nucleación que desencadenan la formación rápida y autocatalítica del principal producto de hidratación del cemento, el gel de silicato cálcico hidratado. También probamos el efecto de la xonotlita y la tobermorita en las reacciones de hidratación química del cemento mediante análisis calorimétricos y mediciones de sincrotrón in situ por microtomografía de rayos X, realizadas durante una estancia en la Universidad de Berkeley. Los resultados mostraron que ambos minerales pueden acelerar la formación del gel C-S-H. Este fenómeno puede explicarse considerando que la nucleación ocurre solo en o cerca de las superficies de las partículas de clínker durante un proceso normal de hidratación sin semillas. Por el contrario, las semillas de xonotlita y tobermorita conducen a la formación del gel C-S-H en el espacio poroso entre las partículas de clínker. Además, los resultados destacaron el mejor desempeño de la xonotlita en comparación con la tobermorita, lo que podría estar relacionado con su mayor relación Ca/Si. De hecho, aunque las semillas de nanopartículas mejoran la nucleación del gel C-S-H, también podrían adsorber iones de calcio e hidróxido de la solución acuosa, creando un gradiente de concentración local que podría acelerar el agotamiento de las partículas de clínker.

La segunda aplicación considera el uso de xonotlita como precursor para producir, tras su deshidratación, un silicato cálcico, wollastonita. El gran interés en la producción de wollastonita sintética radica en su versatilidad como material adecuado para una amplia gama de aplicaciones industriales. Esta fase mineral se utiliza especialmente para el refuerzo mecánico de productos como plásticos, cerámica y hormigón. Además, es muy utilizado en la industria metalúrgica y de pinturas y como material biocompatible en el campo biomédico. A pesar de una amplia gama de aplicaciones, las metodologías para producir wollastonita generalmente implican procedimientos prolongados de varios pasos, así como Resumen altas temperaturas de calcinación, por encima de 800 • C, más comúnmente alrededor de 1000 -1200 • C.

Se ha informado de la prueba de concepto de la deshidratación hidrotermal de xonotlita para sintetizar wollastonita altamente cristalina a 500 • C en 1 h. Con el fin de correlacionar el efecto de los parámetros experimentales sobre el proceso de deshidratación hidrotermal, se realizaron mediciones de difracción de rayos X en polvo. Los diagramas DRX de los materiales sintetizados en el reactor discontinuo en 1 h a 500 • C y a diferentes valores de presión se muestran en la Figura 8(a). El tratamiento hidrotermal conduce a la conversión parcial (a 2 y 16 MPa) o completa (a 8 MPa) de xonotlita en wollastonita, como lo indica la presencia del pico de difracción (320) característico de la wollastonita a 30,1 • (2θ • ) en diagramas de difracción. La síntesis de wollastonita a sólo 500 • C y 8 MPa en 1 h puede considerarse revolucionaria en el campo de la producción de silicato de calcio. De hecho, gracias a los análisis termogravimétricos junto con espectroscopía de masas (ATG-MS) y DRX de alta temperatura, observamos que esta transformación de fase tiene lugar, a presión ambiente, a aproximadamente 800 • C. Para comprender qué fenómenos están involucrados en el proceso hidrotermal, en este trabajo se ha realizado un estudio experimental paramétrico combinado con una caracterización en profundidad de los materiales producidos. Una información crítica sobre el proceso de síntesis por deshidratación hidrotermal que hemos recopilado está relacionada con la transición de fase. Con base en nuestros resultados, se puede afirmar que durante el tratamiento hidrotermal, la fase de xonotlita primero se convierte en wollastonita-1T, que luego se convierte en wollastonita-2M.

Resumen

La wollastonita producida exhibe una alta cristalinidad, como se muestra por DRX, NMR y microscopía electrónica de alta resolución (Figura 8 (b)). Además, las partículas de wollastonita a nanoescala presentan una morfología fibrosa, lo que hace que este material sea muy atractivo en términos de alta reactividad superficial específica, o para aplicaciones de refuerzo en múltiples materiales.

Finalmente, con el objetivo de ampliar la producción de minerales sintéticos a los requerimientos industriales, se estudió por primera vez el impacto ambiental de esta metodología a través del análisis del ciclo de vida (ACV).

Se analizaron los impactos de los parámetros más relevantes, como energía, naturaleza y concentración de precursores, para permitir la optimización. Los resultados mostraron que los impactos más significativos son los precursores y el consumo de calor para las dos fases minerales a escala de laboratorio. Se encontró que la producción de 1 kg de tobermorita tiene un mayor impacto ambiental, en términos de calentamiento global, debido a la menor eficiencia de conversión de la reacción. Además, en este caso, el nitrato de aluminio genera impactos adicionales en comparación con la producción de 1 kg de xonotlita. El uso de una fuente de aluminio tiene un impacto significativo en categorías como el agotamiento del ozono estratosférico, la ecotoxicidad del agua dulce, la toxicidad carcinogénica para los seres humanos y la escasez de recursos minerales.

El objetivo principal de este estudio fue identificar dónde se podrían realizar mejoras para aumentar el atractivo de la síntesis supercrítica como una metodología ambientalmente sostenible. En consecuencia, consideramos la recuperación de calor y la concentración molar de los precursores como parámetros a optimizar a escala industrial. Primero, al agregar un intercambiador de calor (eficiencia de 90 %), el consumo de energía disminuyó de 477.13 y 860.63 MJ a 47.71 y 86.06 MJ para xonotlita y tobermorita, respectivamente. En segundo lugar, considerando las concentraciones máximas de precursores, la cantidad de agua se redujo significativamente y por lo tanto la cantidad de energía requerida (3.57 y 3.22 MJ para la producción de xonotlita y tobermorita, respectivamente). A escala industrial, la concentración máxima del material producido se ha estimado en 69,3 g/L y 76,8 g/L para xonotlita y tobermorita, respectivamente. En este nivel, una vez que se han optimizado las cantidades de energía y agua, los productos químicos han contribuido significativamente a los impactos generales del proceso. En particular, notamos que el nitrato de calcio tenía el efecto más significativo y, por lo tanto, identificamos otro compuesto, el cloruro de calcio, que podría usarse para la producción de xonotlita. Los resultados mostraron que CaCl 2 redujo significativamente los impactos potenciales de los nitratos, es decir, la eutrofización y el agotamiento del ozono.

En conclusión, los resultados subrayaron la importancia fundamental de elegir los pro-Resumen ductos químicos adecuados para reducir drásticamente los impactos ambientales. Este trabajo representa la primera investigación de LCA del perfil ambiental de la síntesis hidrotermal por fluido supercrítico para producir nanominerales sintéticos de silicato de calcio hidratado.

General introduction and thesis objectives

A natural mineral is defined as a solid with a specific chemical composition and a highly ordered atomic arrangement that has been formed as a result of a geological process [1].

From the beginning of civilisation, natural minerals played a key role as raw materials for the social, economic and technological development of modern society [2]. Among the large variety that can be found in nature, calcium silicate hydrates are members of a large family of minerals related to cement-based materials. They form as a consequence of geological hydrothermal processes in which hyperalkaline fluids react with basic igneous rocks, or as a product of chemical reactions during cement hydration. In the latter case, the calcium silicate hydrate (C-S-H) gel represents the principal hydration product of cement paste and the primarily responsible for its strength and performance.

In the last years, two minerals which belong to this mineral family, namely xonotlite and tobermorite, have attracted increasing interest in several fields, as orthopaedic applications [3], insulating materials [4], stabilising agent for trapping impurities in wastewater and as additions for reinforced cement [5]. In particular, the idea of employing these mineral phases in cement relies on their high chemical compatibility. Recent studies have shown the effect of xonotlite and tobermorite particles as seeds to trigger the autocatalytic formation of the C-S-H gel [START_REF] Land | Controlling cement hydration with nanoparticles[END_REF][START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF]. The acceleration of cement hydration allows to develop faster a denser and harder cement paste, which from an application point of view permits to reduce the time and the costs of construction.

However, xonotlite and tobermorite are scarce in nature, and that strongly limits their potential use. Therefore, to fulfil the necessities related to the increasing of the demand, several techniques have been developed to produce synthetic specimens. So far, the most common route for their production is the hydrothermal synthesis. Unfortunately, this conventional methodology requires very long synthesis times, in the order of tens of hours or even days, to obtain crystalline materials.

In this context, the development of a sustainable and industrially workable synthesis route for the production of synthetic xonotlite and tobermorite is highly needed. Conse-General introduction and thesis objectives quently, in the last years, significant steps forward have been made for the development of an innovative hydrothermal supercritical flow synthesis to expand the synthetic mineral production towards industrial requirements [START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Diez-Garcia | Supercritical hydrothermal flow synthesis of xonotlite nanofibers[END_REF]. The main advantage of this methodology is related to the ultra-fast reaction kinetics, which allows the synthesis of xonotlite and tobermorite in only a few seconds. Furthermore, in addition to the boosted synthesis times, the synthetic minerals are characterised by high crystallinity and purity, rather than their natural counterparts that are often found mixed with other phases or impurities. Thanks to that property, synthetic xonotlite and tobermorite can be used to disclose some aspects of the calcium silicate hydrate structures which are still not fully elucidated. Furthermore, they represent an excellent model system for capturing the structural characteristics of the semi-amorphous C-S-H gel in cement and mimicking its properties. In this way, the indepth investigation of xonotlite and tobermorite structures helps to improve the knowledge and the control on the performance of cement.

With this in mind, our research has been focused on the development of an innovative methodology that allows producing highly crystalline xonotlite and tobermorite nanominerals in only a few seconds to be used in different application fields. One of the most remarkable results of this work regards the use of xonotlite as pristine material for producing a calcium silicate phase, namely wollastonite, at a lower temperature (500 • C) than that reported in the literature so far (about 800 -1200 The main objectives of the Ph.D. work can be summarised as follows:

• Objective 1: Developing and studying the synthesis of calcium silicate hydrates nanominerals, namely xonotlite and tobermorite, via a supercritical-water based flow process.

To achieve this objective, two steps were involved. The first one relies on the design and construction of a suitable home-made user-customised equipment to produce a significant quantity of nanominerals. The consequent step focuses on a parametric study which allows identifying the effect of the synthesis parameters on the material properties.

• Objective 2: Disclosing the physicochemical properties of xonotlite and tobermorite nanoparticles synthesised under supercritical conditions.

The achievement of this objective requires an in-depth characterisation analysis using diffraction, microscopy and spectroscopy techniques. In this study, thanks to singlephase and high crystalline specimens, we pretend to throw some light on the complex structure of calcium silicate hydrates, still not fully established in some aspects.

• Objective 3: Developing applications of the as-synthesised crystalline nanoparticles.

It involves the employing of the synthetic particles in two main application fields: (i)

as nanoseeds for an autocatalytic acceleration of the cement paste hydration, and (ii)

to produce calcium silicates via an advantageous dehydration process.

• Objective 4: Evaluating the environmental impact related to the synthesis in supercritical water of xonotlite and tobermorite.

With the aim of developing a manufacturing route for minerals production which fulfil the industrial requirements, this objective concerns the study of the environmental profile of the supercritical synthesis.

The Ph.D. thesis is organised in five chapters summarised as follows.

Chapter 1 is an introductory chapter addressed to the state of the art in the field of cement chemistry and calcium silicate hydrate systems. After describing the structures and properties of these minerals, particular attention will be focused on two phases: xonotlite and tobermorite. The limitation related to the long synthesis times reported for the conventional hydrothermal production of these materials will be discussed. Afterwards, the interesting peculiarities of supercritical water employed in this work will be introduced, highlighting the advantages of a supercritical hydrothermal flow synthesis for processing nanominerals.

In Chapter 2, we present the experimental tools employed in this study to synthesise and analyse the structural, chemical and physical properties of the nanominerals.

Chapter 3, chapter 4 and chapter 5 are dedicated to exposing the experimental results of the Ph.D. thesis. In particular, chapter 3 will be devoted to the explanation of xonotlite and tobermorite formation under near-and supercritical conditions, investigating the effect of the synthesis parameters, as temperature and residence time. In the second part, an in-depth characterisation of these nanominerals using a combination of sophisticated spectroscopic techniques will be reported for the first time.

Chapter 4 will be devoted to the investigation of xonotlite and tobermorite applications in two different fields. The first one is related to the use of the mineral phases as nanoseeds for accelerating the early age hydration of cement to develop a denser and more resistant cement matrix. Instead, the second one regards the production of wollastonite from xonotlite via an innovative manufacturing route. Here, we will discuss the proof of concept of the developed hydrothermal dehydration synthesis, highlighting the most critical involved parameters. Our innovative methodology allows synthesising high crystalline nanosized fiber-like wollastonite at 500 In this chapter, we introduce the most relevant concepts for the chemistry of cement and the CaO -SiO 2 -H 2 O system. This family of minerals can form in nature due to geological hydrothermal processes in which hyperalkaline fluids react with basic igneous rocks or as a product of chemical reactions that occur during cement hydration. The extensive interest in studying these minerals relies on several reasons for both fundamental and application orientated researches. As an example, the chemistry of hydrated cement at the microscopic scale strongly influences its macroscopic properties, such as resistance, strength and durability. In this way, a deep investigation of the calcium silicate hydrate mineral structures could help to better understand and control the performance of cement. With this in mind, our work has improved an innovative methodology which allows producing highly crystalline calcium silicate hydrate (CSH) minerals in only a few seconds, contrarily to the several hours or days characteristics of the conventional hydrothermal route.

The first part of the chapter addresses particular attention to the hydration process of cement, emphasising the central role of water on the chemical reactions that take place.

Then, the structure of the hydration products of cement is described at different scales (macro, micro and nano). Instead, the second part is dedicated to the description of the CaO -SiO 2 -H 2 O system, with particular attention to the structures of xonotlite and tobermorite. Lastly, the hydrothermal manufacturing route of these materials will be presented distinguishing between conventional subcritical hydrothermal synthesis and the innovative supercritical hydrothermal synthesis. A brief overview of the key properties of supercritical fluids will be reported, highlighting some specific features of supercritical water that has been used in this work.
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Introduction to cementitious materials

History and properties of cementitious materials

Construction of buildings and infrastructures had a key role in the civilisation process and continues its vital role in the rapid advancement and the well-being of modern society.

Nowadays, cement is defined as a hydraulic binder, i.e. a fine inorganic powder that by reacting with water transforms into a fluid paste, easy to shape and mould, which hardens and develops strength as a consequence of the hydration process [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF].

The first archaeological discovery of cement consisted of several layers of limestone (CaCO 3 ) and it dates back to 7000 B.C. in Israel [START_REF] Arnon | Cementitious materials-Nine millennia and a new century: past, present, and future[END_REF]. Successively, the Mesopotamian civilisation developed a mixture made of sand, lime (CaO), and gravel. Throughout history, different mixture compositions and production methods of cement were used by the ancient Greeks, Egyptians and Romans [START_REF] Malinowski | Prehistory of concrete[END_REF][START_REF] Moropoulou | Composite materials in ancient structures[END_REF]. During the Roman Empire, a hardened paste produced by mixing the blend with water, similar to the modern concept of hydraulic cement, was used for the first time. The Romans used a mixture of slaked slime and volcanic ash, as calcium and siliceous sources, and water to form a hardened material that has resisted over time in optimal conditions [START_REF] Moropoulou | Composite materials in ancient structures[END_REF].

However, after the Roman Empire fall, the discoveries and the expertise acquired in making hydraulic cement were essentially lost. Consequently, during the dark middle ages, the constructions were built by using poor mortars, in which the only active ingredient was lime without any addition of water. Since cured lime mortar can be easily degraded by atmospheric agents contact, many Gothic structures suffered over the centuries.

Many years later, the Industrial Revolution in Europe was the origin of a breakthrough step towards the development of modern cement. In 1756, the contributions of the British constructor John Smeaton in the reconstruction of Eddystone lighthouse in Cornwall led to the discovery of a more modern approach for the production of hydraulic cement [START_REF] Arnon | Cementitious materials-Nine millennia and a new century: past, present, and future[END_REF].

After several researches, he has found out that the use of a hydraulic lime mortar, obtained by burning limestone containing some clay, provided better performance to cement paste.

He has also discovered that the hydraulicity (i.e. the property to set and harden with water) of lime was directly correlated to the limestone's clay content [START_REF] Elsen | Hydraulicity in historic lime mortars: A review[END_REF].

In 1818, another important contribution to the development of modern cement was provided by Louis-Joseph Vicat thanks to his deep research on hydraulic lime properties.

As a result of that study, it was concluded that synthetic hydraulic lime should also contain silica and alumina and be produced by calcining a ground mixture of clay and limestone.

Finally, in 1824 Joseph Aspdin has created a three-step process for producing hydraulic cement, which consisted of: (i) calcining the limestone to obtain lime, (ii) mixing and burning that compound with clay, and (iii) recalcining that blend to form the final product. Aspdin named this "Portland" cement due to the similarity to strong building stones from Portland, England. Isaac Charles Johnson successively refined the method of Aspdin by increasing the production temperature up to the point of vitrification, resulting in the production of the modern cement clinker.

Nowadays, the term cement strictly refers to the clinker powder obtained through a well optimised pyrochemical process [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]. Several different types of cement clinker exist and differ for the proportion between calcium silicates, sulphoaluminate, aluminium and iron oxides, etc. Among them, the most common type of cement is the ordinary Portland cement (OPC). In that clinker, the most abundant component is alite (Ca 3 SiO 5 , named C 3 S in cement chemist notation) and a smaller but not negligible amount is composed by belite (Ca 2 SiO 4 , referred as C 2 S), tricalcium aluminate, tricalcium aluminoferrite and gypsum.

Depending on the impurities incorporated in the raw materials, the final clinker could also contain low quantities (< 3 wt.%) of MgO, Na 2 SO 4 , and K 2 SO 4 [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]. The composition of a typical OPC clinker is reported in Table 1.1.

Table 1.1: Summary of the typical and most abundant raw materials and final components of OPC clinker reported with the respective weight percentages [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF][START_REF] Artioli | Cement hydration: the role of adsorption and crystal growth[END_REF]. The main phases of the clinker are also identified as in the cement notation. 

Raw materials

2 O 3 1 -8% Tetracalcium aluminoferrite (C 4 AF) 5 -15% SO 3 1 -3% Gypsum (CaSO 4 • 2H 2 O) ∼ 5%
The chemical reaction of that cement powder with water, commonly referred to the hydration of cement, leads to the formation of the so-called cement matrix or cement paste. The typical setting and hardening characteristics of the material are developed as a result of that reaction, as it will be presented in the next section. Lastly, concrete is defined as the mix of cement paste with coarse and fine aggregates, like gravel, sand and crushed stone [START_REF] Ulrik Nilsen | Concrete: A three phase material[END_REF].

In the last decades, the efficiency of cement production has been improved, making cement the most used construction material in the world, as shown in Figure 1.1 [START_REF] Monteiro | Towards sustainable concrete[END_REF].

In the last 65 years, the cement production has grown by ten times compared to the approximately threefold increase in steel production and the almost stagnant production per capita of wood [START_REF] Monteiro | Towards sustainable concrete[END_REF]. Of additional importance, cement is related to the production of concrete, whose content is approximately seven times larger than that of cement alone. The reasons for the rapid increase of cement production and consumption, despite other construction materials, are several. Among them, there are:

• The cost, cement is very cheap: 60 -70 euro per ton,

• It is resistant to fire and it shows good mechanical properties when subjected to compression stress,

• Freshly mixed cement paste can properly flow into all corners of prefabricated mould or formwork to fill it completely, and consequently, it is easy to use.

Nowadays, the demand for cement is particularly strong in the most populated regions of the world, as in China, which is also one of the fastest growing economy, as displayed in Figure 1.2 [START_REF] Andrew | Global CO 2 emissions from cement production, 1928-2017[END_REF]. The data reported in the annual activity reports published from 2015 by the European Cement Association, Cembureau show that China is the first producer of cement in the world, followed by other Asian countries, India and Japan. As an example, the global cement production has been estimated at approximately 4.1 Gt in 2017 [START_REF]Cembureau, The European Cement Association[END_REF]. That year, China accounted for 56.5 wt.% of the worldwide cement production, and India for 6.8 wt.%. The following year, the worldwide cement production dropped at approximately 3.99 Gt due to slower growth in China (where accounted for 54.5 wt.%), on the contrary, the production in India increased to 8.2 wt.% [START_REF]Cembureau, The European Cement Association[END_REF]. According to a forecast reported by the World Cement Association, by 2030 China production is expected to drop by 18%, and

Pakistan will replace Japan in the top 10 cement producer countries [START_REF]Cembureau, The European Cement Association[END_REF][START_REF]Cembureau, The European Cement Association[END_REF][START_REF]World cement association[END_REF]. From the analysis of these data, it appears clear that cement is the most consumed product in the world, just after water [START_REF] Imbabi | Trends and developments in green cement and concrete technology[END_REF]. As a consequence of the high production of clinker, every year around 7 -8% of the global CO 2 anthropogenic emissions is released into the atmosphere by the cement manufacturing industry [START_REF] Monteiro | Towards sustainable concrete[END_REF]. In fact, the clinker production involves the calcination of limestone in the range of temperature 700 -900 • C, which decomposes into lime (CaO) and carbon dioxide, according to [START_REF] Mehta | Concrete, microstructure, properties and materials[END_REF]:

CaCO 3 → CaO + CO 2 (1.1)
This reaction and the thermal emission due to the fuel burning to heat the raw materials, make the pyrochemical process the principal responsible for the CO 2 footprint during the clinker production. The production of one ton of OPC clinker requires between 60 and 130 kg of fuel oil (depending on the cement type) and around 110 KWh of electricity, resulting in the emission of 0.9 ton of CO 2 [START_REF] Imbabi | Trends and developments in green cement and concrete technology[END_REF]. As a consequence, the CO 2 emissions from clinker production reached around 1.50 ± 0.12 Gt during 2018, and the cumulative CO 2 emissions over 1928 -2018 are estimated to ∼ 38.3 ± 2.4 Gt, 71% of which have been released since 1990 [START_REF] Andrew | Global CO 2 emissions from cement production, 1928-2017[END_REF].

This introduction to cementitious materials highlights the role of cement as the most used construction material in the world. As a consequence of the great quantity of clinker produced, every year, the manufacturing industry of cement accounts for In this way, it appears clear the importance of studying the chemical structure and the microscopic properties of cement, which in turn affect its performance.

In the next section, the main concepts related to cement hydration will be introduced. As we will show later, the mechanisms involved during the hydration are not completely established and still under debate. We will discuss the main theories and models, reported in the literature, which are the most accepted from the research community.

Mechanisms of the cement hydration process

Hydration of cement is an extremely complex process which involves numerous chemical reactions and physicomechanical changes. After mixing the clinker with water, at the water to cement ratio ranging from 0.3 and 0.6 (hereon referred to w/c, in wt.%), the reacting system evolves to form the 'fresh cement paste'. As the hydration progresses, such paste sets and transforms into a 'hardened cement paste'. The process is characterised by the release of energy in the form of heat and consequently is exothermic.

The cement hydration is the subject of research investigation since the beginning of 1900s [START_REF] Chatelier | Recherches experimentales sur la constitution des mortiers hydrauliques[END_REF], however, the mechanism is still not fully elucidated in some aspects due to the numerous involved variables. Among them, there are:

• the wide variety of components contained in the clinker, and the common presence of impurities and ions within the crystalline lattices of each phase,

• the different morphological properties of clinker grains, as shape, particle size, and specific surface area,

• the presence of chemical admixtures which modify the hydration rate.

Several other external parameters can affect the final properties of the cement matrix, such as the used w/c and the reaction curing temperature [START_REF] Thomas | Calcium and silicon concentrations in solution during the early hydration of portland cement and tricalcium silicate[END_REF].

Based on in situ characterisation techniques, as nuclear magnetic resonance and Xray diffraction, some authors suggested the classification of the hydration process into five different periods, which can also be recognised by monitoring the heat evolution curve during the hydration, as shown in Figure 1.3 [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF][START_REF] Marchon | Impact of chemical admixtures on cement hydration[END_REF]. • Stage 1: Pre-induction

Upon contact of cement with water, the anhydrous clinker grains start reacting re- leasing ionic species into the solution. In the first few seconds of the reaction period, the alkali sulphates dissolve completely, contributing with Na + , K + , and SO 2- 4 ions, while calcium sulphate dissolves contributing with two ionic species, Ca 2+ and additional SO 2- 4 [START_REF] Arnon | Cementitious materials-Nine millennia and a new century: past, present, and future[END_REF]. As above mentioned, alite is the principal and most important constituent of OPC clinker and also the main responsible for setting and hardening.

During the first minutes of this stage, C 3 S grains react with water and the protonolysis of the silicate and oxygen ions takes place at their surface. The dissolution of alite grains leads to an additional release of Ca 2+ simultaneously to those of hydroxide and silicate ions in accordance with [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF][START_REF] Artioli | Cement hydration: the role of adsorption and crystal growth[END_REF]:

3CaO • SiO 2 + 3H 2 O → 3Ca 2+ + H 2 SiO 4 2-+ 4 (OH) - (1.2)
Initially, the rate of the C 3 S dissolution is higher than that of ions to diffuse away from the grains. This phenomenon causes a concentration gradient near the surface.

Here, the concentration of ions continues increasing until the liquid phase becomes oversaturated and a layer of amorphous gel starts to precipitate at the alite surface.

From that moment, the amount of free SiO 2- 4 ions starts decreasing. On the contrary, the amount of Ca 2+ and OH -continues increasing, as the CaO/SiO 2 ratio of formed gel is lower than that of the clinker phases [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]27,[START_REF] Grutzeck | An integration of tricalcium silicate hydration models in light of recent data[END_REF]. However, another proposed theory suggests that, at the beginning, a SiO 2 -rich layer grows on the C 3 S surface, and only at a later time, Ca 2+ ions, dissolved in the liquid phase, are incorporated in it [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]29,[START_REF] Tadros | Early hydration of tricalcium silicate[END_REF].

Regarding the second principal phase in the clinker, belite, its hydration kinetic is even lower than the one of alite, as shown in Figure 1.4(a): only a minimal fraction reacts during this stage, contributing to increasing the Ca 2+ and OH -concentration in the liquid phase. Therefore, tricalcium aluminate (C 3 A) dissolves in accordance with:

3CaO • Al 2 O 6 + 6H 2 O → 3Ca 2+ + 2 Al(OH) - 4 + 4 (OH) - (1.3)
Afterwards, the reaction of ions present in the solution, more specifically Ca 2+ , Al(OH) - 4 and SO ) that consequently precipitates in the form of short rods at the cement grain surface [START_REF] Dalgleish | Fractographic studies of microstructural development in hydrated Portland cement[END_REF]. Ettringite is the main compound of the so-called AFt phase; other compounds of this phase are obtained for substitution of Fe to Al due to the reaction of ferrite in the clinker in a similar way as tricalcium aluminate.

To conclude, in Figure 1.3 the initial exothermic peak in the stage I (the so-called pre-induction period from some authors) is related to the intense liberation of heat,
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within the first few minutes, due to the rapid dissolution of C 3 S and C 3 A.

• Stage 2: Induction or dormant period

As the process progresses, the hydration slows down and the reaction rate decreases significantly, consequently, the liberation of heat is also reduced, Figure 1.3 stage II.

In addition, the microstructure of the hydration product does not present relevant changes, and the paste remains workable and fluid for several hours. The reasons for the drastic slowing down of the hydration rate during the dormant period are still not completely understood.

In the literature, some authors have explained this phenomenon in relation to the growth of the precipitated product, which forms a layer around the alite grains. The exact structure of that layer is still unknown, but it is thought to be a metastable calcium silicate hydrate compound. That hydrated phase could act as a permeable barrier between the bulk solution and the non-hydrated product, which reduces both the migration of water molecules and the dissolution of ions. According to this theory, a renewed fast hydration after the end of the induction period could be allowed from some changes, in terms of composition and/or morphology, of the hydrated layer that could make it more permeable [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF][START_REF] Grutzeck | An integration of tricalcium silicate hydration models in light of recent data[END_REF]. Contrarily, the researchers who claim the formation, in the first minutes of hydration, of a SiO 2 -rich layer with absorbed Ca 2+ ions, propose that the electric double layer hinders the flow of further ions at that stage [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]29,[START_REF] Tadros | Early hydration of tricalcium silicate[END_REF]. Other researchers have proposed a different theory, explaining that it is the low concentration of silicate ions and the consequent slow nucleation of hydration product that controls and limits the reaction rate [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF][START_REF] Taylor | Cement chemistry[END_REF]. During this period, the concentration of Ca 2+ and OH -ions continues increasing, and at the end, the pH value is very high, around 12 -13.

• Stage 3: Acceleration

The acceleration period coincides roughly with the beginning of the main heat evolution peak, Figure 1.3 stage (III). At that time, the concentration of calcium, hydroxyl and silicate species in the liquid phase reaches the critical supersaturation level; consequently, the principal hydration product of cement, Calcium-Silicate-Hydrate (C-S-H) gel, can nucleate, and meanwhile calcium hydroxide begins to precipitate in the form of portlandite crystals, Figure 1.4 (b). Therefore, this main peak corresponds to the massive precipitation of the principal hydration products. This phenomenon is coupled with the simultaneous increase of C 3 S dissolution, which is mainly responsible for the heat release [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]. It is generally agreed that, in this period, the reaction rate is controlled by the heterogeneous nucleation and growth of hydrated products, which is thought to be dependent on the C-S-H surface area. During that stage, 1.1. INTRODUCTION TO CEMENTITIOUS MATERIALS about 30 wt.% of cement reacts to form portlandite and C-S-H gel. It is widely accepted that the setting of cement takes place during this stage, and the end of the acceleration period corresponds with the maximum rate of heat evolution.

• Stage 4: Deceleration

After several hours of reaction, the surface of clinker grains is completely covered by the hydration products and both the amount of unreacted material and the hydration rate decrease, Figure 1.3 (stage IV). Consequently, it is believed that the kinetics could be controlled by the diffusion of ion species through the porous structure of the hydration shell. During this deceleration, a second peak could occur based on the cement type. This heat release is linked to the sulphate depletion and corresponds to faster precipitation of ettringite, and a higher dissolution of C 3 A [START_REF] Marchon | Impact of chemical admixtures on cement hydration[END_REF].

• Stage 5: Diffusion

A low activity characterises this last period due to the slow diffusion of water and ion species as the cement paste hardens and gains strength [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]. Furthermore, in from the reaction between AFt and C 3 A [START_REF] Marchon | Impact of chemical admixtures on cement hydration[END_REF][START_REF] Scrivener | Characterisation of portland cement hydration by electron optical techniques[END_REF]. After approximately 1 day, the microstructure of C-S-H gel is formed and the gel phase appears dense, whereas the other crystalline phases, such as portlandite as well as monosulphoaluminate, continue growing. Theoretically, the hydration process is considered completely finished after one year, however, the C-S-H gel and cement paste microstructure could continue to evolve over one year.

In this section, cement hydration has been illustrated as several coupled chemical processes, each of which occurs at a rate that is determined by numerous parameters.

As above mentioned, the mechanisms involved during the hydration of cement are very complex. Here, we have reported a summary of the most accepted theories related to the hydration process through a classification of five different steps. However, it is worth mentioning that, despite cement hydration has been the subject of many studies, important aspects have not been carefully addressed and are still not fully established. In the next section, we will show that this complexity is also reflected into the structure of the material. In fact, if at the macroscale, the properties of cement paste are widely investigated, at the micro-and mostly at the nanoscale, the characterisation and the knowledge of the material are limited in part by its amorphous nature and inhomogeneous composition. The final composition and structure of the cement matrix will be illustrated in more detail in the following.
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Structures of hydrated cement matrix

The structure of cement paste is very complex due to the numerous involved mineral phases. Among them, there are crystalline components bounded to a semi-amorphous hydration product of variable stoichiometry, the C-S-H gel. The crystalline agglomerates, characterised by different sizes, could be either hydration products such as ettringite and portlandite, or even unreacted, and thus unhydrated, clinker particles.

The C-S-H gel is the principal hydration product in the cement matrix and accounts for the 70% of the total cement paste volume. That amorphous component has a strong influence on the mechanical properties of set cement, as strength and cohesion, and consequently, it is crucial to investigate and explore its structure. However, due to its dissimilarity in structure and size, the cement paste features several hierarchical levels of organisation, showing a distinctive pore structure at each scale level [START_REF] Mehta | Concrete, microstructure, properties and materials[END_REF]. Consequently, the description of the hydration product has to be illustrated separately for each scale.

a) Macroscale

At the macroscale, the cement matrix can be defined as a homogeneous material containing macropores with diameters ranging from 0.1 to 5 mm [START_REF] Mehta | Concrete, microstructure, properties and materials[END_REF]. These pores are produced by air inclusions introduced during the paste preparation and generally negatively affect the mechanical properties [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]. In Figure 1.5, pores and aggregates into the cement paste are easily distinguishable [START_REF] Voltolini | Synchrotron X-ray computed microtomography investigation of a mortar affected by alkali-silica reaction: a quantitative characterization of its microstructural features[END_REF]. 

b) Microscale

The heterogeneous and multiphase composition of the hydrated cement matrix becomes more evident at the microscale. At this level, it is possible to observe pores, named mesopores or capillary voids, as a consequence of the empty vacancies left when the hydration products replace the spaces initially occupied by cement grains and water [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF]. The diameter of these pores is related to the age of cement. For early age of hydration, the capillary voids reach about 5 µm, whereas, for old cured cement, they range within 10 to 50 nm [START_REF] Taylor | Cement chemistry[END_REF][START_REF] Skinner | Nanostructure of Calcium Silicate Hydrates in Cements[END_REF]. Furthermore, the pores abundance is directly proportional to the w/c ratio employed to prepare the paste.

At the microscale, C-S-H gel appears as an amorphous material which surrounds the other crystalline aggregates present in the matrix. The morphology of the C-S-H compounds depends on numerous factors, such as cement type, the water/cement ratio, and the hydration stage at which it grows and the available free space. In the literature, many different morphologies are reported; among them, some examples are flakes, needles, foils, and honeycomb-like [START_REF] Taylor | Cement chemistry[END_REF]. The crystalline phases which are possible to identify at the microscale are mostly ettringite and portlandite, as shown in Figure 1.6. Ettringite crystallises in the form of tiny needles preferentially on the surface of the cement grains [START_REF] Mehta | Concrete, microstructure, properties and materials[END_REF][START_REF] Skinner | Nanostructure of Calcium Silicate Hydrates in Cements[END_REF]. Portlandite, under ideal conditions, forms crystals of several micrometres in size with hexagonal plates-like morphology. In the cement paste, depending on several factors such as temperature, w/c and available growing space, Ca(OH) 2 although perfect hexagonal crystals could appear as unshaped crystals, conserving the characteristic 

c) Nanoscale

The description of the cement matrix at the nanoscale results quite challenging due to the heterogeneous and amorphous nature of the C-S-H gel [START_REF] Skinner | Nanostructure of Calcium Silicate Hydrates in Cements[END_REF]. The nanopores identified at that scale (diameter < 10 nm) are an intrinsic characteristic of the C-S-H structure and can have an effect on shrinkage and creep [START_REF] Mehta | Concrete, microstructure, properties and materials[END_REF][START_REF] Skinner | Nanostructure of Calcium Silicate Hydrates in Cements[END_REF]. The C-S-H structure has been investigated at the nanoscale by several techniques, such as nuclear magnetic resonance, and infrared spectroscopy, in contrast, it is difficult by microscopy techniques and X-ray diffraction. For that reason, the exact structure of C-S-H gel is not completely resolved by experimental results. As a consequence, several theoretical and modelling-based models have been proposed for describing this material [START_REF] Powers | Structure and physical properties of hardened portland cement paste[END_REF][START_REF] Feldman | A new model for hydrated portland cement and its practical implications[END_REF][START_REF] Tennis | A model for two types of calcium silicate hydrate in the microstructure of Portland cement pastes[END_REF][START_REF] Jennings | A model for the microstructure of calcium silicate hydrate in cement paste[END_REF]. In this section, the structure and properties of the hydrated cement matrix at different scales were described, with a particular attention to the limitation related to the in-depth investigation of the C-S-H gel phase. As we will show later, that phase shares some similarities with the chemical structure of minerals which belong to the CaO-SiO 2 -H 2 O system. For that reason, the chemistry of calcium silicate hydrate minerals will be discussed in the following. Particular interest will be addressed to Second, in the last years, tobermorite and xonotlite have been highlighted as attractive materials due to their potential applicability in numerous fields. Among them, there are orthopedic applications [3], insulating materials [4], stabilising agent for the trap of impurities in wastewater and as an addition for reinforced cement [5]. Furthermore, tobermorite phase has been found in Roman cement and is widely accepted to be the reason for the durability of Roman cementitious structures. However, these minerals are scarce in nature, and therefore the increase in the demand goes together with the request for new and green approaches, which can provide fast production at the industrial scale. For those reasons in this work, we are focusing on both the synthesis of xonotlite and tobermorite and the study of their properties and applications.

The xonotlite phase

Natural xonotlite mineral was first discovered in 1866 in Xonotla (Mexico), hence its name. Natural xonotlite is commonly found nearby to a contact between igneous rocks and calcium bearing rocks [START_REF] Hejny | Polytypism in xonotlite Ca 6 Si 6 O 1 7(OH) 2[END_REF]. In the structure of natural specimens, in addition to Ca, Si, O and H atoms, some traces of Na + , Fe 3+ , K + , and Mn 2+ can be present in the form of impurities. In this way, synthetic xonotlite production offers the solution to obtain the mineral phase with high crystallinity and chemical purity.

Xonotlite is usually described as having the following ideal stoichiometric formula The Ca-polyhedral layer is composed of three different calcium sites depending on the Ca coordination in the structure. Two of them are seven-fold coordinated by oxygen, whereas the third calcium atom has octahedral coordination, as shown in Figure 1.8(a). Xonotlite has been used as an appealing mineral in several application fields, in brake linings of cars to improve the properties in terms of resistance and thermal conductivity [START_REF] Anton | Brake linings[END_REF], or as a pigment in paper and dye compounds, or even as potential biocompatible candidate for preparation of bioactive composites [3]. Xonotlite represents one of the components which can be found in well cement [START_REF] Luke | Formation of tobermorite and xonotlite fiber matrices in well cementing and impact on mechanical properties[END_REF], and due to its compatibility with the cement chemistry has been further used as seed addition to improve the performance, in terms of strength, of cement paste [5,[START_REF] Land | Controlling cement hydration with nanoparticles[END_REF]. Another interesting application of xonotlite relies on using this mineral phase as starting material to produce the respective calcium silicate, wollastonite, upon dehydration. This application of xonotlite has also been investigated in this Ph.D. work, and the results will be presented in chapter 4.

CHEMISTRY OF CALCIUM SILICATE HYDRATE PHASES

In this section, the crystal structure of xonotlite was presented as constituted of two basic units: the Ca-polyhedral layers and the silicate chains. Depending on the relative arrangement between these elements, various xonotlite polytypes can be identified. The structure of xonotlite was first described as similar to that of another mineral phase, wollastonite. In fact, each Si 6 O 17 -double chain of xonotlite consists of two wollastonite-like Si 3 O 9 -dreier-einfachketten chains, highlighting the similarity between the two materials.

In the following, the crystal structure of tobermorite will be introduced. As we will show later, the two mineral phases, xonotlite and tobermorite, are constituted by the common basic units: Ca-polyhedra layer and tetrahedral dreiereinfachkettentype silicate chains.

The tobermorite phase

Natural tobermorite mineral was discovered in 1880 in Tobermory (Scottland), hence its name. Natural tobermorite is considered a rare and scarce mineral that crystallises in the form of plates or flat fibres. In nature, it is commonly found in or nearby cavities of basic rocks, or at the contact between dolerite and limestone, or granodiorites [START_REF] Merlino | The real structure of tobermorite 11 Ȧ: normal and anomalous forms, OD character and polytypic modifications[END_REF]. Depending on the degree of hydration (i.e. content of water molecules), the basal distance ranges from 9 Å, to 11 Å or 14 Å. As a consequence, three structural varieties of tobermorite exist: It is widely accepted that the variety with closer resemblances to the cementitious C-S-H gel is the 14 Å tobermorite [START_REF] Richardson | Tobermorite/jennite-and tobermorite/calcium hydroxide-based models for the structure of C-S-H: applicability to hardened pastes of tricalcium silicate, β-dicalcium silicate, Portland cement, and blends of Portland cement with blastfurnace slag, metakaolin, or silica fume[END_REF]. Instead, the most common and stable variety to produce as synthetic form is the 11 Å. For that reason, our attention in the next section will be focus only on the 11 Å tobermorite.

a) 11 Å tobermorite

As previously mentioned, the structure of tobermorite is complex, and consequently, its description has been, for many years, a matter of debate. It is worth mentioning that the Further work towards the understanding of the 11 Å tobermorite structure was performed on a specimen originating from Germany [START_REF] Hamid | The crystal structure of the 11 Ȧ natural tobermorite Ca 2[END_REF]. The structure of the sample was classified in the Imm2 group (dimensions of the unit cell parameters: a = 11.172, b = 7.392 and c = 22.779 Å) [START_REF] Hamid | The crystal structure of the 11 Ȧ natural tobermorite Ca 2[END_REF]. In that study, the material was more precisely described as constituted by a continuous seven-fold coordinated Ca-polyhedral sheets, linked to tetrahedral dreiereinfachketten-type single chains in both sides. In that configuration, it was stated that the bridging SiO 4 of each chain could occupy two alternative orientations related by the mirror plane normal to the a-axis. The results of this study suggested the following formula to characterise the material: Ca The most substantial attempt to describe this mineral was made by Merlino et al. to finally overcome the disagreement between previous studies [START_REF] Merlino | The real structure of tobermorite 11 Ȧ: normal and anomalous forms, OD character and polytypic modifications[END_REF][START_REF] Merlino | Tobermorites: their real structure and order-disorder (OD) character[END_REF]. They investigated two specimens of 11 Å tobermorite: a normal one from Bascenov (Urals, Russia) and an anomalous one originating from Wessels mine (South Africa). The samples were formed of extraordinary well developed crystals, which helped the characterisation analysis. Common structural features to both forms are the double silicate chains (built up through condensation of dreiereinfachketten wollastonite-type chain) running along b-axis and bonded on both sides to infinite layers of seven-fold coordinated calcium polyhedra.

The Ca-polyhedra were defined as monocapped trigonal prism running along b-axis.

The calcium cations are not placed in the basal plane of the 'pyramid' but are displaced towards the centre of the trigonal prisms. In that representation, the 'capping' ligand is a water molecule (W6) with the corresponding Ca-O bond perpendicular to the 'pyramidal' basis. Each silicate chain can be described as formed by 'paired' Si 2 O 7 units linked together by a bridging tetrahedron. That chain is bounded to a column of Ca trigonal prisms, through the 'paired' tetrahedra that share oxygen atoms of the edges opposite to the capping ligands. In contrast, the bridging tetrahedron (Si2) shares an oxygen atom (O6)

with the adjacent column. As shown in Figure 1.9(a), consecutive silicate chains are shifted by b/2; the silicate chains on the hidden side are likewise linked to the Ca-layer, with paired tetrahedra bounded to the alternate Ca-columns, and shifted by b/4 relatively to those on the visible side.

Furthermore, the structure formed from consecutive layers of Ca-polyhedra and the respective bounded double silicate chains, shows channels running along b-axis. From Figure 1.9(b) and 1.9(c), it appears clear that one of the differences between the anomalous and normal structures regards the content of these cavities. In the first case only water molecules are present in the structural channels, Figure 1.9 (b), whereas in the normal specimen both water molecules and calcium ions are hosted, Figure 1.9(c).

Through an accurate analysis on the anomalous specimen, Merlino et al. have proposed a reliable model of the structure and defined two main polytypes. The first one was classified as orthorhombic with a space group F2dd, whereas the second one has a monoclinic symmetry and a space group B11m. The normal 11 Å tobermorite sample was described with a 2mm symmetry and a space group B11m. , and on the bottom as seen along [START_REF] Stein | Influence of silica on the hydration of 3CaO,SiO 2[END_REF]. The double silicate chains are represented in dark grey and the seven-fold coordinated calcium polyhedra in light grey. Grey circles indicate the water molecules W1, W2, and W3 trapped in the structural cavities [START_REF] Merlino | The real structure of tobermorite 11 Ȧ: normal and anomalous forms, OD character and polytypic modifications[END_REF].

Tobermorite exists in nature in the form of three different varieties, depending on the content of interlayer water molecules. In this work, we are particularly interested in 11 Å tobermorite, which represents the most stable variety to synthesise. In this introduction, the 11 Å tobermorite crystal structure, and the properties of its calcium layers and silicate chains were presented. We have observed that, the similarity between different mineral phases, as xonotlite and tobermorite, relies in the presence of the common units: calcium polyhedra and dreiereinfachketten wollastonite-type silicate chains.

In the next section, the structure of aluminium-substituted tobermorite will be presented, being this variety very common in both natural and synthetic samples. In nature, the formation of tobermorite usually occurs with the presence of aluminium, or in more rare cases other elements (Mg, Fe or Na), as a partial substitution in its structure. As a result, Al-substituted tobermorite is found more commonly than the pure specimen. Furthermore, the presence of the Al-tobermorite has also been detected in Roman archaeological submarine cementitious specimen [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF]. The formation of Al-substituted tobermorite is associated with the pyroclastic puzzolans, a Si-poor and Al-rich specie, used in the Roman concrete binders.

Regarding the hydrothermal synthesis of tobermorite, the results of several studies have shown the advantage of adding aluminium to stabilise synthetic tobermorite under specific hydrothermal conditions and avoid the transformation into xonotlite, as will be more detailed in the following, section 1.3.1. In the literature, several studies have been conducted to study where and how the aluminium atoms enter in the tobermorite structure.

The first attempt in producing Al-tobermorite has been reported by Kalousek in 1957, who suggested that the Al 3+ ions probably assumed tetrahedral coordination when replacing

Si 4+ [START_REF] Kalousek | Crystal chemistry of hydrous calcium silicates: I, substitution of aluminum in lattice of tobermorite[END_REF]. Afterwards, Diamond et al. have confirmed that theory on the incorporation of aluminium in tetrahedrally coordinated Si-sites of tobermorite chains through X-ray fluorescence spectroscopy [START_REF] Diamond | Effects of isomorphous substitution in hydrothermally-synthesized tobermorite[END_REF].

An important parameter to be considered when discussing the Al-coordination and entering positions, is the value of employed aluminium content. In an ideal tobermorite structure, Al ions enter only in branching and not in bridging positions. Consequently, the maximum amount of excepted Al is such that Al/(Al+Si) = 0.165 [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF]. With the aim of investigating the effect of the Al percentage on the material structure, several 27 Al nuclear magnetic resonance studies have been reported. Based on these results, it has been confirmed the presence of tetrahedrally coordinated aluminium in the aluminium-silicate chains when the Al/(Al+Si) molar ratio is about 0.15. On the contrary, octahedrally coordinated aluminium has been detected in the structure when employing higher aluminium content. This experimental evidence can be explained as follows. A first hypothesis considers that the Al excess does not react or enter into the structure but instead leads to the formation of secondary impurity products, as hydrogarnet, in which aluminium is octacoordinated [START_REF] Diamond | Effects of isomorphous substitution in hydrothermally-synthesized tobermorite[END_REF][START_REF] Houston | Transformation of meta-stable calcium silicate hydrates to tobermorite: reaction kinetics and molecular structure from XRD and NMR spectroscopy[END_REF]. Instead, a second explanation proposed by Guio et al. predicts that aluminium could enter in the position of calcium atoms [START_REF] Guo | Microstructure and characterization of hydrothermal synthesis of Al-substituted tobermorite[END_REF]. Figure 1.11 shows the multiplicity of possible positions for Si and Al tetrahedra into the structure.

To better explain how Al 3+ ions replace Si 4+ and enter into the tobermorite structure, the charge deficit due to this substitution should be taken into account. Kalousek proposed three different hypotheses in agreement with the principles of isomorphous substitution [START_REF] Kalousek | Crystal chemistry of hydrous calcium silicates: I, substitution of aluminum in lattice of tobermorite[END_REF]. The first proposition relies on the substitution of Al 3+ + H + for one Si 4+ , and represents the most favourable case. The second proposition involves the substitution of 2Al 3+ for (Si 4+ + Ca 2+ ), and despite being less probable, can also occurs punctually. A third possibility is the substitution of 4Al 3+ for 3Si 4+ , which requires special geometrical arrangement due to the introduction of a different number of cations, and thus is the less accepted one. In conclusion, the case of Al-tobermorite is commonly described by the first proposition, even if the second is not necessarily precluded.

The C-S-H gel phase

As mentioned before, the C-S-H gel is a semi-amorphous and porous material with shortrange order at the atomic scale and variable stoichiometry. Furthermore, it is characterised by a Ca/Si ratio ranging from 0.7 to 2.3, and a variable content of structural water [START_REF] Mehta | Concrete, microstructure, properties and materials[END_REF][START_REF] Dolado | The nano-branched structure of cementitious calcium-silicate-hydrate gel[END_REF].

The exact composition and structure of C-S-H gel have been investigated for many years and are still the subject of intense debate. A basic description defines this material as composed of calcium oxide planes surrounded by silicate chains, forming a layered structure.

The space between layers is occupied by water molecules and ions, such as Na + or Ca +2 , dissolved in the solution [START_REF] Manzano | Atomistic simulation studies of the cement paste componentss[END_REF].

In this representation, the silicate chain lengths, following the 3n-1 rule (dimers and pentamer), are ordered according to the dreiereinfachketten wollastonite-like structure [START_REF] Taylor | Proposed structure for calcium silicate hydrate gel[END_REF][START_REF] Richardson | Models for the composition and structure of calcium silicate hydrate (C-S-H) gel in hardened tricalcium silicate pastes[END_REF][START_REF] Richardson | The nature of C-S-H in hardened cements[END_REF]. A general accepted formula for describing C-S-H gels is Ca

x H 2(n+1-x) Si n O (3n+1) • zCa(OH) 2 • mH 2 O,
where n is the silicate chain length, 2 (n + 1 -x) is the number of In this proposed model, the structural distribution of the Ca is not clarified, therefore in the formula the Ca ions are divided into those necessary to charge balancing the silicate chain (x) and the remaining z are involved in forms of Ca(OH) 2 in the "solid-solution".

Due to the semi-amorphous nature of C-S-H gel and its high propensity for structural variations, many of the knowledge about its structure have been achieved from the comparison with some of the analogous crystalline calcium silicate hydrates materials. For instance, in 1952 Bernal and Taylor proposed for the first time the analogy between the C-S-H gel and the tobermorite phases based on X-ray diffraction studies of hydrated C 3 S pastes [START_REF] Bernal | Crystallographic research on the hydration of portland cement. A first report on investigations in progress[END_REF]. Such results became the base of many further models proposed afterwards.

However, the C-S-H gel has an average Ca/Si ratio equal to ∼ 1.7, which is higher than that of tobermorite, Ca/Si = 0.8. Because of such disagreement, it was proposed that the higher Ca/Si ratio in C-S-H gel is related to the lack of some bridging tetrahedra in the silicate chains and their substitution with interlaminar Ca 2+ ions [START_REF] Heller | Crystallographic Data for the Calcium Silicates[END_REF]. Finally, thirty years later from his first model, Taylor suggested the possibility of a combination of tobermoritelike and jennite-like structures to explain the higher Ca/Si ratio in C-S-H gel [START_REF] Taylor | Proposed structure for calcium silicate hydrate gel[END_REF]. This result has been widely accepted in successive researches [START_REF] Allen | Composition and density of nanoscale calcium-silicate-hydrate in cement[END_REF][START_REF] Richardson | Models for the composition and structure of calcium silicate hydrate (C-S-H) gel in hardened tricalcium silicate pastes[END_REF][START_REF] Thomas | Ca-OH bonding in the C-S-H gel phase of tricalcium silicate and withe portland cement pastes measured by inelastic neutron scattering[END_REF] and more) with principally 11 Å tobermorite, 14 Å tobermorite, and jennite phases, whereas increasing the Ca/Si ratio, the polymeric chains are mainly short (dimmers) composed of 14 Å tobermorite and jennite [START_REF] Dolado | The nano-branched structure of cementitious calcium-silicate-hydrate gel[END_REF].

Water in calcium silicate hydrate materials

In mineral structures, oxygen-bound hydrogen species can exist in many different forms.

They can occur as part of the crystal structure, organised as stoichiometric hydronium ions, hydroxyl groups, and water molecules. The water content can exist in the form of "evaporable" or "nonevaporable", to distinguish between relatively free and strong bounded or structural water [START_REF] Roosz | Distribution of water in synthetic calcium silicate hydrates[END_REF]. The first type is typically present as adsorbed on the external surface of mineral particles or in macroscopic fluid inclusions and can be easily evacuated by heating up [START_REF] Yesinowski | Characterization of hydrous species in minerals by high-speed proton MAS-NMR[END_REF]. The "nonevaporable" water in minerals can be present in vacant anion and cation sites, zeolitic sites, or interlayer regions as well as in small micrometre or nanometer sized cavities, due to the hydrogen-bonded interactions with the material interfacial atoms.

Understanding nanoconfined water dynamics, especially in terms of molecules trapped in nanocavities or strongly bonded to the material surface, is a theme of great interest across numerous scientific fields [START_REF] Bergman | Dynamics of supercooled water in confined geometry[END_REF][START_REF] Fayer | Dynamics of water interacting with interfaces, molecules, and ions[END_REF][START_REF] Muñoz-Santiburcio | Chemistry in nanoconfined water[END_REF]. The features of nanoconfined water are highly dependent on surface interactions and confinement geometry and are further modified by different chemical environments. Several previous studies have investigated the dynamics of nanotrapped water in minerals using several experimental techniques such as nuclear magnetic resonance, neutron scattering, and molecular dynamics simulations [START_REF] Yesinowski | Characterization of hydrous species in minerals by high-speed proton MAS-NMR[END_REF][START_REF] Gates | Neutron time-of-flight quantification of water desorption isotherms of montmorillonite[END_REF][START_REF] Coasne | Adsorption , intrusion and freezing in porous silica : the view from the nanoscale[END_REF][START_REF] Vasilyeva | Dielectric relaxation of water in clay minerals[END_REF]. Among these techniques, broadband dielectric spectroscopy (BDS), due to its large frequency (10 -6 -10 12 Hz) and temperature (100 -670 K) ranges, allows exploring the dynamic features of water over an extremely broad time range, from 10 2 to 10 -8 s [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF].

In the context of calcium silicate hydrate minerals system, the extensive interest in the study of water dynamics is due to the strong influence of the water molecules on the macroscopic properties of cement, such as resistance, strength, and durability [START_REF] Goracci | Dynamics of nano-confined water in Portland cement -comparison with synthetic C-S-H gel and other silicate materials[END_REF]. In the literature, three main water dynamics were observed in C-S-H gel in the supercooling region (100 K -250 K) by BDS [START_REF] Goracci | Dynamics of nano-confined water in Portland cement -comparison with synthetic C-S-H gel and other silicate materials[END_REF][START_REF] Cerveny | Effect of hydration on the dielectric properties of C-S-H gel[END_REF]. The weak and broad components at low temperature (110 K) were independent of the amount of water, and were the only dynamics observed in the sample dried at 120 • C. For these reasons, this contribution was associated with the dynamics of hydroxyl groups; on the other hand, the processes observed at a higher temperature (190 K) [START_REF] Monasterio | On the dielectric properties of water confined in cement-like materials[END_REF][START_REF] Monasterio | Effect of chemical environment on the dynamics of water confined in calcium silicate minerals: Natural and synthetic tobermorite[END_REF]. Unlike in previous works on C-S-H, a well-defined contribution of the dielectric response was observed at low temperature (110 K) in both natural and synthetic tobermorite specimens. As evidenced by the different shapes of this contribution in the dielectric spectra of C-S-H and tobermorite, and the presence of aluminium in the tobermorite samples, it was suggested that the origin of this component is related to the dynamics of water confined in aluminium-rich zeolite cavities. On the other hand, at a higher temperature, the process behaviour was similar to that observed for water molecules in small C-S-H gel pores.

Despite all these previous studies, the definitive description of water dynamics in these systems is still incomplete. In this way, this work pretends to throw some light on this, as it will be discussed in chapter 3.

In this section, the main characteristics of the crystal structure of calcium silicate hydrate minerals, xonotlite and tobermorite, were introduced. Furthermore, an introduction to the oxygen-bound hydrogen species that can be found in these minerals was reported.

In the following, the state of the art of the hydrothermal synthesis of xonotlite and tobermorite will be presented, highlighting the crucial role of experimental parameters like temperature, precursors and time.

1.3. HYDROTHERMAL SYNTHESIS OF XONOTLITE AND TOBERMORITE

Hydrothermal synthesis of xonotlite and tobermorite

The hydrothermal synthesis can be defined as any homogeneous (nanoparticles), or heterogeneous (bulk materials) reaction which takes place in a closed system in the presence of an aqueous media kept above 25 • C and 1 atm [START_REF] Byrappa | Handbook of hydrothermal technology[END_REF]. When the chemical reaction occurs in a non aqueous solvent, we refer as solvothermal synthesis [START_REF] Demazeau | Solvothermal processes: a route to the stabilization of new materials[END_REF][START_REF] Adschiri | Hydrothermal synthesis of metal oxide fine particles at supercritical conditions[END_REF][START_REF] Demazeau | Solvothermal reactions: an original route for the synthesis of novel materials[END_REF]. The term hydrothermal was first used in the XIX century by the British geologist Sir Roderick Murchison to describe the mimicking of natural and geothermal reactions of water at elevated temperatures and pressures which provided the formation of numerous minerals and rocks [START_REF] Yoshimura | Hydrothermal processing of materials: past, present and future[END_REF]. The hydrothermal method was first employed to produce fine particles of quartz. Afterwards, the manufacturing process was largely exploited, and by 1900, more than 150 mineral species were synthesised including zeolites, large single quartz crystals, clay and diamond [START_REF] Morey | The hydrothermal formation of silicates, a review[END_REF][START_REF] Barrer | Syntheses and reactions of mordenite[END_REF].

Nowadays, the hydrothermal route provides an excellent methodology for processing a wide variety of materials, such as native elements, hydroxides, metal oxides, as well as silicates and carbonates, etc., either in the form of bulk single crystals, or fine particles, or even nanostructures as nanowires, nanotubes, and nanorods [START_REF] Yoshimura | Hydrothermal processing of materials: past, present and future[END_REF].

When heating up, a fluid in a tank tends to expand as the molecules are transferred from the liquid to the gaseous phase. As a consequence, the pressure increases and at the same time the density of the liquid phase decreases; in contrast, the density of the corresponding gaseous phase increases up to the critical point, where both phases have the same density value. During the hydrothermal process, water plays two different roles: it acts as a solvent and as a pressure-transfer medium. Consequently, the physicochemical properties of water at high temperatures and pressures are extremely relevant. For example, the diffusivity in the solvent media, as well as the reactivity, are improved under hydrothermal conditions due to the lower value of viscosity. Furthermore, the direct influence of the density variation on the solvation power of water and, therefore, its feasibility to react, is one of the most important advantages provided by the hydrothermal methodology. These phenomena are accentuated the higher is the temperature, as described in more detail in the section 1.4.

Phase diagram of the CaO-SiO 2 -H 2 Oystem

Most of the minerals of the CaO-SiO 2 -H 2 O system can be obtained through hydrothermal route. The formation of one synthetic specie or another depends on the control of numerous parameters, such as the Ca/Si ratio, the time and the temperature of the reaction. Furthermore, the synthesis of calcium silicate hydrate minerals is quite challenging due to the difficulty in manufacturing crystalline and pure single phase materials. Several studies in the literature have investigated the stability between these phases, such as xonotlite, tobermorite, and gyrolite [START_REF] Taylor | Hydrothermal reactions in the system CaO-SiO 2 -H 2 O and the steam curing of cement and cement-silica[END_REF][START_REF] Harker | Dehydration series in the system CaSiO 3 -SiO 2 -H 2 O[END_REF][START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF][START_REF] Hong | Phase relations in the CaO-SiO 2 -H 2 O system to 200 • C at saturated steam pressure[END_REF]. Figure 1.13 shows the distribution of the numerous crystalline phases of the CaO-SiO 2 -H 2 O system. This phase diagram was determined as a result of a study based on the hydrothermal synthesis of calcium silicate hydrates with different Ca/Si ratios [START_REF] Hong | Phase relations in the CaO-SiO 2 -H 2 O system to 200 • C at saturated steam pressure[END_REF]. From an experimental point of view, it is very challenging to determine the exact conditions for which each phase is stable due to the high complexity of the system and the high number of parameters involved. In this work, we are principally interested in the xonotlite/tobermorite boundary region, as described in the following. C) reported by Speakman [START_REF] Speakman | The stability of tobermorite in the system CaO-SiO 2 -H 2 O at elevated temperatures and pressures[END_REF].

Another parameter that can affect the stability of synthetic tobermorite is the addition of aluminium, due to its important effect on the material structure, as previously described.

The phase diagram in Figure 1. To conclude, the unstable nature of tobermorite at high temperature should be related to the lower stability of its double "dreienfachketten" silicate chains, rather than in the case of xonotlite.

The stability of tobermorite is improved, over the transformation into xonotlite, the more the pressure and the Al content are high (up to 200 MPa and Al/(Al + Si) molar ratio equal to 0.15, respectively) and the Ca/Si ratio is low (down to 0.8). However, when comparing the synthesis parameters (temperature, pressure and Al content) to determine the better conditions at which tobermorite is stable, another variable should be taken into account: the duration of the synthesis. In fact, higher is the temperature, lower should be the time to avoid the transformation into xonotlite.

In the following sections, a summary of the state of the art of the hydrothermal synthesis of xonotlite and tobermorite will be reported.

Hydrothermal synthesis of xonotlite

As mentioned in the previous paragraph, xonotlite is one of the most stable phases of the CaO-SiO 2 -H 2 O system. Consequently, the hydrothermal synthesis of xonotlite and the effects of the experimental parameters as temperature, pressure, type of precursors, and pH of the precursor solution have been widely investigated in the literature.

In 1938, Flint and his research group were the first to explore the synthesis of calcium silicate hydrate phases at different Ca/Si ratios, temperatures, pressures, and reaction times [START_REF] Flint | Formation of hydrated calcium silicates at elevated temperatures and pressures[END_REF]. The experiments were carried out by placing the precursors and the solvent, water, in a closed vessel, which in turn was positioned in a furnace to reach the desired temperature. In this work, the chosen precursors were silica gel as Si-source and lime as Ca-source. Their results have shown that by employing three different Ca/Si ratios, as 0.8, However, the process was not well described, and the produced materials not accurately characterised. Afterwards, all the studies reported in the literature describe the synthesis in a range of temperature between 150 and 250 was also investigated [START_REF] Liu | Hydrothermal synthesis of xonotlite fibers and investigation on their thermal property[END_REF]. The results have suggested that different pH values, ranging between 12.0 and 13.5, have a slight effect on the material crystallinity, but a strong impact on the particle size: the higher pH value is, the larger the xonotlite fibres are. During a synthesis at 220 • C for 15 h in a solution with pH 13.5, the formation of xonotlite fibres 10 -30 µm long and 100 -200 nm wide was observed [START_REF] Liu | Hydrothermal synthesis of xonotlite fibers and investigation on their thermal property[END_REF].

To conclude, the most common temperature conditions reported in the literature for the hydrothermal synthesis of xonotlite ranges within 150 and 250 

Hydrothermal synthesis of 11 Å tobermorite

As above mentioned, the most common type of synthetic tobermorite is the 11 Å variety, being the most stable one under hydrothermal conditions. The formation of tobermorite is much more complicated than that of xonotlite, due to the low stability of that phase at high temperature. For that reasons, the challenging synthesis of tobermorite has attracted increasing interest from researchers. As for xonotlite, the most investigated synthesis parameters in the hydrothermal production of 11 Å tobermorite are temperature, pressure, type of precursors, and pH of the precursor solution. Two more variables play a crucial role in that synthesis, rather than for xonotlite: the reaction time and the aluminium content. For each parameter, a wide range of values has been explored, making it difficult to ascertain the optimal conditions for synthesising this material. The temperature values range from 140 • C to 240 • C. The synthesis of tobermorite at such low temperature was performed at saturated steam pressure by using C-S-H gel (formed during 6 -24 months)

and Ca(OH) 2 in a Ca/Si ratio equal to 0.83 for 90 days [START_REF] Hong | Phase relations in the CaO-SiO 2 -H 2 O system to 200 • C at saturated steam pressure[END_REF]. On the other hand, the synthesis at higher temperature was carried out in 5 h using calcsilicate alkoxide gel as a precursor in a quantity to have Ca/(Si+Al) = 0.83 and Al/(Si+Al) = 0.15 [START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF].

Regarding the precursors, most of the studies in the literature report the use of CaO and SiO 2 . Furthermore, other employed Ca-and Si-source are calcium silicate nitrate, Ca(OH) 2 , sodium metasilicate [START_REF] Lin | A simple method to synthesize single-crystalline β-wollastonite nanowires[END_REF], C-S-H gel [START_REF] Hong | Phase relations in the CaO-SiO 2 -H 2 O system to 200 • C at saturated steam pressure[END_REF], and calcsilicate alkoxide gel [START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF]. Particular attention has been focused on the Si source: silica acid, silica fume, C-S-H gel, nano SiO 2 have been tested. The synthesis of tobermorite has also been performed by using industry waste products, like cement kiln dust [START_REF] Coleman | 11 Ȧ tobermorite from cement bypass dust and waste container glass: A feasibility study[END_REF], soda-lime-silica container glass [START_REF] Coleman | Synthesis, structure and performance of calcium silicate ion exchangers from recycled container glass[END_REF], and oil shale ash [START_REF] Reinik | Alkaline modified oil shale fly ash: Optimal synthesis conditions and preliminary tests on CO 2 adsorption[END_REF]. A very exhaustive study was performed by Mitsuda et promotes the stabilisation and formation of this mineral phase, and the process is more favoured using Ca/(Si + Al) = 0.8, rather than Ca/(Si + Al) = 1. Second, higher temperature synthesis gives rise to a faster crystallisation of tobermorite. Third, they stated that the most advantageous Si-source in terms of material crystallinity, and rapidity of the process, is the aluminosilicic gel. Using this precursor, the optimal conditions determined in that work for producing crystalline tobermorite were Ca/(Si + Al) = 0.8, Al/(Al + Si) = 0.15 at 120 • C for 16 h. Nevertheless, the impact of the precursors on the synthesis process was not fully elucidated.

The effect of the precursor solution pH on the morphology of tobermorite particles was also investigated in the literature [START_REF] Huang | Novel hydrothermal synthesis of tobermorite fibers using Ca(II)-EDTA complex precursor[END_REF]. As previously discussed, tobermorite phase can crystallise either as platelets or as fibres. Commonly, the reported hydrothermal syntheses give rise to the formation of platy tobermorite. However, controlling the pH value or using surfactants can help to get fibre-like morphology. As an example, the results of Huang et al. have shown that the use of EDTA and pH values above 13 promotes the formation of platelets, conversely, fibres can be obtained at higher pH values [START_REF] Huang | Novel hydrothermal synthesis of tobermorite fibers using Ca(II)-EDTA complex precursor[END_REF].

To conclude, it appears clear that only an accurate control on the reaction/crystallisation can promote the formation of pure single phase tobermorite and inhibit the formation of other mineral phases. That control is challenging to be achieved in a traditional batch method, where the mild temperatures commonly used involve either the formation of other stable phases or very long synthesis time. For these reasons, a methodology that allows to curtail the synthesis times and capture more truthfully the tobermorite formation process that takes place in nature is needed.

In the next section, a manufacturing route which fulfils these requirements will be introduced.

CURRENT CHALLENGES: THE SUPERCRITICAL HYDROTHERMAL FLOW SYNTHESIS

1.4 Current challenges: the supercritical hydrothermal flow synthesis

Definition and properties

A fluid is described as supercritical when its pressure and temperature exceed the critical pressure (p c ) and temperature (T c ) [START_REF] Cansell | Review on materials science and supercritical fluids[END_REF]. Figure 1.15 shows a schematic representation of the phase diagram of water and the corresponding organisation of molecules in the solid, liquid, gas, and supercritical domains.

In the supercritical domain, the fluid behaves as a media which combines properties of both gas and liquid phases. From a macroscopic point of view, a supercritical fluid (SCF) is considered homogeneous: at the critical point, the density of the gas phase becomes equal to that of the liquid phase, and the interface between gas and liquid disappears.

On the other hand, a supercritical fluid is not microscopically homogeneous due to strong fluctuations of the local density. In fact, at the microscopic level, the local organisation of molecules leads to the simultaneous existence of both low (gas-like) and high (liquid-like) density regions. In addition, the local organisation of molecules is dynamic and evolves with a lifetime of about 100 ps, contributing to form high local density inhomogeneities [START_REF] Cansell | Review on materials science and supercritical fluids[END_REF][START_REF] Besnard | Bringing together fundamental and applied science: The supercritical fluids route[END_REF]. 
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The supercritical domain is characterised by unique thermophysical properties, such as high density (solute solubilisation as liquid-like) and low viscosity (transport matrix penetration as gas-like). Supercritical fluids offer the opportunity to vary density, diffusivity, viscosity or surface tension continuously from gas-like to liquid-like values through the control of temperature and pressure, as shown in Table 1.2. These specific properties of SCF are particularly useful to manipulate as desired the reaction environment for applications in material processing [START_REF] Cansell | Design of functional nanostructured materials using supercritical fluids[END_REF][START_REF] Aymonier | Playing with chemistry in supercritical solvents and the associated technologies for advanced materials by design[END_REF].

Table 1.2: Principal properties of liquids, supercritical fluids, and gas [START_REF] Cansell | Review on materials science and supercritical fluids[END_REF].

Liquids Supercritical Fluids Gas

Density (g/cm 3 ) 0.4 -1.5 0.1 -1 0.001 Diffusivity (m 2 /s) 10 -9 10 -7 10 -4 Viscosity (µPa • s) 10 3 -10 5 10 -100 10 Surface Tension (mN/m) 1 -100 ∼ 0 0

In 1992 Tadafumi Adschiri et al. were the first to explore the properties of nearand supercritical water (SCW) for chemical reactions and processes [START_REF] Adschiri | Rapid and continuous hydrothermal crystallization of metal oxide particles in supercritical water[END_REF]. The use of SCW-based technology results particularly interesting to replace hazardous, expensive and polluting organic solvents. Since then, the supercritical fluid technology has become an interdisciplinary field shared by chemists, chemical engineers, physicists, agronomists, as well as researchers in biotechnology [START_REF] Aymonier | Review of supercritical fluids in inorganic materials science[END_REF].

The critical temperature and pressure of water are 374 • C and 22.1 MPa, respectively.

The physicochemical properties of SCW, such as the density of molecules (ρ), viscosity (η), dielectric constant ( ), diffusion coefficient, and heat capacity differ largely from those of water at ambient conditions [START_REF] Loppinet-Serani | Supercritical water for environmental technologies[END_REF]. In Table 1.3 the most important water properties are summarised as a function of pressure and temperature [START_REF] Bröll | Chemistry in supercritical water[END_REF]. observed that increasing the temperature, these values are subjected to a drastic fall: in the supercritical region (400 • C and 25 MPa) they assume values equal to 170 kg/m 3 and 5.9, respectively. The low value of of water under supercritical conditions is nearly equal to those of nonpolar organic solvents under ordinary conditions. This behaviour is related to the reduction of the number and the strength of hydrogen bonds present in water [START_REF] Cochran | Solvation in supercritical water[END_REF][START_REF] Hodes | Salt precipitation and scale control in supercritical water oxidation-Part A: fundamentals and research[END_REF][START_REF] Duverger-Nédellec | Unveiling the complexity of salt(s) in water under transcritical conditions[END_REF]. To explain this phenomenon, it has been suggested that due to strong compression, the double well potential of the hydrogen bond should degenerate into a single well potential [START_REF] Weingärtner | Supercritical water as a solvent[END_REF]. In addition, molecular-based modelling studies proposed that the structure of water evolves from a three-dimensional network of hydrogen bonds, at ordinary conditions, to a hydrogen-bonded configuration of dimers and small clusters, at high temperature and pressure [START_REF] Chialvo | Simple transferable intermolecular potential for the molecular simulation of water over wide ranges of state conditions[END_REF]. As a consequence of all these evidence, under supercritical conditions, the polarity of water is as low as nonpolar solvents, which allows the solubilisation of organic compounds and the precipitation of inorganic compounds [START_REF] Voisin | Solubility of inorganic salts in sub-and supercritical hydrothermal environment: application to SCWO processes[END_REF].

In a hydrothermal synthesis, the effect of the dielectric permittivity of water on the material product is significant, as it influences the reaction rate, the equilibrium and solubility of salts in the medium. The evolution of density and dielectric constant as a function of the temperature at 25 MPa is shown in Figure 1.16. In terms of kinetics, one of the key properties of supercritical water is related to faster hydrothermal synthesis reactions if compared to the respective reactions at lower temper- 

ln k = ln k 0 - ω RT 1 - 1 0 (1.4)
where k 0 is the reaction rate at the vacuum permittivity value 0 , ω is a constant related to the reaction system, R is the gas constant, and T is the absolute temperature [START_REF] Adschiri | Hydrothermal synthesis of metal oxide fine particles at supercritical conditions[END_REF].

Increasing the temperature and pressure, the viscosity of water η is subjected to a considerable decreasing to gas-like values, as shown in Figure 1.17. This phenomenon results in high fluidity, which is very attractive in chemical processes due to the enhancement of the molecular mobility and mass transfer. Another interesting property of water, in terms of many applications, is related to its non-dissociating nature. The dissociation equilibrium of water, characterised by the ion product K w , can be expressed as:

H 2 O H + + OH - K w = [H + ] [OH -] (1.5) 1.
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Under ambient conditions, K w is equal to 10 -14 for liquid water and the proton concentration assumes the value of 10 -7 mol/L [START_REF] Weingärtner | Supercritical water as a solvent[END_REF]. Thermodynamic calculations show a monotone increasing of the ion product with temperature, by about three orders of magnitude, up to 10 -11 in nearcritical conditions (K w = 10 -11.4 at T = 320 • C and p = 25 MPa), as shown in Figure 1.17. Afterwards, as soon as the critical point is reached, a decreasing of the ion product (K w = 10 -20.9 at T = 420 • C and p = 25 MPa) is observed [START_REF] Loppinet-Serani | Supercritical water for environmental technologies[END_REF]. As shown in Figure 1.17, the ion product of SCW is reduced by nine orders of magnitude at 550 • C and 25 MPa if compared with room temperature conditions. Consequently, the pH value of water from ambient to supercritical conditions decreases by three units, resulting in much more hydronium ions for acid-catalysed reactions [START_REF] Brunner | Near critical and supercritical water. Part I. Hydrolytic and hydrothermal processes[END_REF]. This phenomenon provides further evidence of the nonpolar nature of SCW, and has a strong impact in reactions-based on acid-base equilibrium.

To conclude, supercritical water exhibits unique thermophysical properties which differ largely from those of water at ambient condition. SCW is completely miscible with nonpolar compounds, making it an interesting solvent for numerous processes, such as the hydrolysis of organic compounds, pyrolysis [START_REF] Weingärtner | Supercritical water as a solvent[END_REF], and oxidation [START_REF] Voisin | Solubility of inorganic salts in sub-and supercritical hydrothermal environment: application to SCWO processes[END_REF]. In addition, another application field of major interest for SCW is the green and ultrafast synthesis of synthetic minerals, where it acts as a solvent for mimicking the natural conditions of the geological process [2]. In the next section, the advantages of using a supercritical water-based technology for the synthesis of xonotlite and tobermorite will be discussed. Among them there are fast reaction times and the opportunity to finely adjust the reaction kinetics to control the properties of the synthesised material.

Supercritical hydrothermal flow synthesis of xonotlite and tobermorite

In 2017, M. Diez-Garcia in our group provided the first proof of supercritical hydrothermal flow synthesis (SHFS) of calcium silicate hydrates minerals, namely xonotlite and tobermorite [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Diez-Garcia | Supercritical hydrothermal flow synthesis of xonotlite nanofibers[END_REF]. During her Ph.D. work, M. Diez-Garcia exploited both the conventional subcritical hydrothermal synthesis as well as the supercritical water-based technology for the xonotlite and tobermorite nanoparticles production [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF]. She reported the formation of crystalline xonotlite and tobermorite at 400 The most remarkable result regards the synthesis time: under supercritical hydrothermal conditions, it was shortened from tens of hours, as reported in the literature for the conventional subcritical hydrothermal route, to a few seconds. In particular, their results

have shown the opportunity of obtaining highly crystalline xonotlite and tobermorite in 20 and 7 s, respectively.

The new and fast synthesis route reported by Diez-Garcia et al. is considered revolutionary in the area of the calcium silicate hydrates synthesis. However, the study of the mineral structures and properties was limited by the trace amount of the produced material, motivating in our work the development of a new set-up.

The first objective of this Ph.D. research has been focused on the design and the development of a more suitable reactor for a higher and more effective minerals production to allow their deep characterisation.

In this context, the development of the reactor represented the first challenge of our work, as several requirements must be met and satisfied. A successful development must maintain both productivity and quality of the chemical process, and the largervolume process should be at least as robust as the smaller-volume process. In the next chapter, the design to develop the employed user-customised equipment will be described in more detail.

In this contest, this work could open the door to a more flexible and effective production for the industrial uses of the tobermorite and xonotlite in several application fields.

1.5. FIBRE-LIKE MORPHOLOGY AND APPLICATIONS

Fibre-like morphology and applications

Commonly, natural tobermorite crystallises in the form of fibres, or plates [START_REF] Merlino | The real structure of tobermorite 11 Ȧ: normal and anomalous forms, OD character and polytypic modifications[END_REF][START_REF] Dolado | The nano-branched structure of cementitious calcium-silicate-hydrate gel[END_REF].

Instead, tobermorite particles synthesised through a conventional subcritical hydrothermal process show a foil-like morphology, unless templates are used to induce the fibre formation [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Dalgleish | Fractographic studies of microstructural development in hydrated Portland cement[END_REF][START_REF] Dolado | The nano-branched structure of cementitious calcium-silicate-hydrate gel[END_REF]. Contrarily, tobermorite obtained as a result of a supercritical water-based process has a fibre-like morphology, suggesting that the new synthesis method captures more truthfully the formation process that takes place in nature. On the other hand, generally both natural and synthetic xonotlite specimens crystallise in the form of fibres [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Supercritical hydrothermal flow synthesis of xonotlite nanofibers[END_REF]. The third material synthesised in this work, wollastonite, commonly exists in an acicular form.

Among the wide range of applications in which the minerals belonging to the family of calcium silicates are employed, the most exploited are related to insulation and construction materials. In particular, they are considered as an optimal alternative for replacing asbestos, a material associated to serious hazards for human exposure to airborn dusts [START_REF] Park | Types and health hazards of fibrous materials used as asbestos substitutes[END_REF]. As a consequence, considering the morphology of synthetic minerals developed in this research project, a question arose firstly: how harmful are calcium silicate fibres to health? The major factors of toxicity of fibres are in the fibre sizes and the fibre durability [START_REF] Park | Types and health hazards of fibrous materials used as asbestos substitutes[END_REF]. Regarding the size, if thinner than 3 µm, the fibres can reach lower airways, while fibres longer than 5 -10 µm can stick to the lungs tissue longer than other shorter fibres.

Also, it should be considered that macrophage can remove fibres of length about 16 -17 µm.

Considering the durability of fibres, a fibre commonly undergoes the process of fragmentation (latitudinal breakage) or splitting (longitudinal breakage) in the human body. In both cases, the surface area as well as the number of fibres increase, but the shorter fibres produced by fragmentation can be more easily removed by macrophage. On the contrary, the splitting phenomenon does not affect the removal by macrophage.

Because wollastonite, employed as asbestos replacements, can contain some respirable particles/fibres, numerous studies have been made to investigate its toxicology and epidemiology. Most of mechanistic studies (in vitro or in vivo) have shown that calcium silicate can be responsible for potentially harmful effects (cytotoxicity, inflammation, mesothelial cell proliferation) but these effects are transient and significantly less severe than those produced by asbestos [START_REF] Maxim | A review of the toxicology and epidemiology of wollastonite[END_REF][START_REF]Wollastonite. iarc monographs on the evaluation of the carcinogenic risk of chemicals to humans[END_REF].

When investigating the toxicity and carcinogenicity of mineral fibres, it is important to mention their biopersistence. In the case of wollastonite, in vivo biopersistence studies indicate that it can be rapidly expelled from the lung with halftimes varying from less than 1 week (inhalation) to 10 -21 days (intratracheal instillation) [START_REF] Maxim | A review of the toxicology and epidemiology of wollastonite[END_REF]. It must be stressed that these halftimes are lower than those typical of many other mineral fibers, as mineral wool and glass wool, for which very large epidemiological studies are negative. As a consequence, the relatively low biopersistence is the major reason why, a priori, wollastonite is unlikely to be carcinogenic in humans. To conclude, the correlation between calcium silicate exposure and lung function decline has not been demonstrated so far. Nevertheless, future cohorts should be considered to assess the long-term respiratory impact of the exposure to these minerals.

1.6. CONCLUSIONS

Conclusions

This first chapter provides an exhaustive overview of the main topics concerning the entire Ph.D. work. First, it has been described the important role of cement in the civilisation process through history, and the development of modern society. Then, the chemical reactions and the complex chemistry involved in the hydration process for the formation of hardened cement paste have been introduced.

In the second part, the structure of minerals which belongs to the CaO-SiO 2 -H 2 O system, namely xonotlite and tobermorite, and C-S-H gel have been presented. In particular, the similarities between tobermorite and the principal hydration product of cement were described, highlighting the role of tobermorite in the cementitious world.

In the third part, state of the art summarising the most important knowledge on the hydrothermal synthesis of xonotlite and tobermorite was described. The extensive bibliography reported so far in the literature on the production of xonotlite and tobermorite presents a wide and broad range of conditions, resulting in a confusing compilation of information. Especially for tobermorite, due to its metastable nature under certain conditions, it is very difficult to ascertain the optimal synthesis parameters to obtain single and pure phase material, avoiding the xonotlite production as a secondary product. Consequently, we studied the xonotlite/tobermorite boundary regions to find the key parameters in the synthesis of the two phases. The results of several studies revealed that the synthesis of xonotlite is promoted when the Ca and Si sources are mixed with a Ca/Si molar ratio equal to 1. On the contrary, for the synthesis of tobermorite is preferable to add a small quantity of Al, and employing Ca/Al+Si = 0.8 and Al/Al+Si = 0.15.

The last part of the chapter described the synthetic route based on the innovative supercritical water technology. Above its critical point (374 • C and 22.1 MPa), water exhibits unique physicochemical properties, which differ largely from those of water under ambient conditions. This methodology, due to its versatility, offers the possibility to finely adjust the process parameters and the reaction kinetics. Consequently, supercritical hydrothermal flow synthesis is particularly useful to manipulate, as desired, the reaction environment for application in materials processing. In the context of CSH production, the main advantage of this technique regards the ultra-fast reaction kinetics: it is possible to synthesise crystalline calcium silicate hydrate nanoparticles, such as xonotlite and tobermorite, in a few seconds in a continuous mode. Furthermore, it should be emphasised that xonotlite and tobermorite obtained under these conditions, are more similar to the natural phases, in terms of morphology, crystallinity and structure, than the synthetic minerals reported so far in the literature. This experimental evidence suggests that, in addition to the reduced synthesis times, this innovative technology more accurately captures the formation process
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that takes place in nature.

In the next chapters, we propose to study the effect of different synthesis parameters on the properties of xonotlite and tobermorite through the supercritical water-based methodology. Later, we will explore the application of these synthetic minerals in several fields. In chapter 1, the interesting peculiarities of supercritical water were presented, highlighting the advantages that a supercritical hydrothermal flow synthesis offers for processing materials.

In the last four years, new perspectives for the supercritical hydrothermal flow synthesis of nanominerals have been opened up, especially thanks to the innovative research work carried out at Institut de Chimie de la Matière Condensée de Bordeaux (ICMCB). The developed methodology combines a flow process and the use of supercritical water for producing different minerals as talc, a phyllomineral [START_REF] Dumas | Fast-geomimicking using chemistry in supercritical water[END_REF], tobermorite and xonotlite, two inominerals [2,[START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Diez-Garcia | Supercritical hydrothermal flow synthesis of xonotlite nanofibers[END_REF].

The synthesis of xonotlite and tobermorite in supercritical water has been firstly reported by Diez-Garcia et al. in 2017 [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Diez-Garcia | Supercritical hydrothermal flow synthesis of xonotlite nanofibers[END_REF]. However, in these studies, the trace amount of produced nanoparticles strongly limited both the deep investigation of structure and properties of the materials, as well as their use in applications, as seeds in cement paste.

Consequently, the first main challenge of this Ph.D. research relies on the development of a new experimental set-up being able to produce a significant quantity of CSH nanominerals. To achieve this objective, a work of process engineering was carried out to design and construct a suitable home-made user-customised synthesis equipment.

In this way, this chapter is dedicated to introducing the experimental tools employed in this study for the synthesis and the characterisation of calcium silicate hydrate nanominerals, xonotlite and tobermorite. Firstly, a brief review will summarise the state of the art of the supercritical hydrothermal flow synthesis, providing information on the different approaches. In the second part, a detailed description of the customised home-made continuous flow reactor and the methodology developed as part of this work, will be presented.

Lastly, the third section will introduce the different characterisation techniques used to analyse the structural, chemical and physical properties of the synthesised materials.

AN OVERVIEW OF THE SUPERCRITICAL HYDROTHERMAL FLOW SYNTHESIS

An overview of the supercritical hydrothermal flow synthesis

The supercritical hydrothermal flow synthesis has been reported for the first time by Adschiri et al. at the beginning of the 90's [START_REF] Adschiri | Rapid and continuous hydrothermal crystallization of metal oxide particles in supercritical water[END_REF]. Various metal oxides were produced through this methodology, as AlOOH,

Co 3 O 4 , NiO, ZrO 2 , Fe 2 O 3 , Fe 3 O 4 .
In the field of materials science, their work represented a breakthrough, demonstrating the promising role of supercritical water and continuous flow reactors for the rapid and versatile production of highly crystalline nanomaterials of different natures [START_REF] Cansell | Review on materials science and supercritical fluids[END_REF][START_REF] Aymonier | Playing with chemistry in supercritical solvents and the associated technologies for advanced materials by design[END_REF][START_REF] Aymonier | Review of supercritical fluids in inorganic materials science[END_REF]. The flow chemistry offers several advantages over the batch process: faster reactions, feasible scale-up and enhanced safety. Furthermore, a flow synthesis allows better control and a quicker optimisation of the reaction variables. The versatility of the SHFS route permits manipulating the architecture of the nanostructures to obtain different morphologies, such as nanowires and nanotubes as well as composite nanomaterials [START_REF] Cansell | Design of functional nanostructured materials using supercritical fluids[END_REF]. For all these reasons, the supercritical technology attracts significant interest for application in microelectronics, optoelectronics and barrier material applications (gas barriers, oxygen barriers, food packaging) [START_REF] Aymonier | Review of supercritical fluids in inorganic materials science[END_REF][START_REF] Reverchon | Nanomaterials and supercritical fluids[END_REF].

In the last thirty years, numerous research groups have proposed different reactor designs for the SHFS of materials and two main classes of strategy are reported in the literature [START_REF] Aymonier | Playing with chemistry in supercritical solvents and the associated technologies for advanced materials by design[END_REF]. The first approach was described by Adschiri et al. [START_REF] Adschiri | Rapid and continuous hydrothermal crystallization of metal oxide particles in supercritical water[END_REF]. A schematic of the set-up developed for producing various metal oxides by rapid and continuous route is shown in Figure 2.1. The experimental strategy can be described as follows. A reagent stream containing the metal salt is brought at the inlet of the reactor and then mixed with a separate stream of water, preheated at near-or supercritical conditions, fed from another line. Here, due to the high concentration of OH -species in the preheated water stream, a rapid hydrolysis (Equation 2.1) and the consequent production of metal (hydrous) oxide, immediately take place. In the reactor, the dehydration (Equation 2.2) of these hydrous species occurs to produce the metal oxide which precipitates as nanoparticles due to supersaturation of the solution, according to the following equations:

M L x + xOH -→ M (OH) x + xL - (2.1) M (OH) x → M O x/2 + x 2 H 2 O (2.2)
Lastly, at the reactor outlet, the reaction solution is cooled down and continuously recovered as a particle-water suspension.

To summarise, the working principle of this approach is based on mixing a cold precursor solution, and a preheated water stream [START_REF] Adschiri | Hydrothermal synthesis of metal oxide fine particles at supercritical conditions[END_REF][START_REF] Adschiri | Green materials synthesis with supercritical water[END_REF]. This first result represents the starting point for numerous research works focused on studying the mixing, which plays a crucial role in the synthesis process. As an example, Lester and coworkers have deeply investigated the mixing of the flows in a T-piece reactor by the development of in situ observations through Light Absorption Imaging (LAI) as well as Computational Fluid Dynamics (CFD) simulations [START_REF] Lester | Reaction engineering: The supercritical water hydrothermal synthesis of nano-particles[END_REF]. Through these studies, they proposed some criteria for an ideal optimised mixer.

A different strategy based on a coupling chemistry/chemical engineering/materials science to prepare advanced materials has been developed at ICMCB by researchers within the Supercritical Fluids Group [START_REF] Aymonier | Playing with chemistry in supercritical solvents and the associated technologies for advanced materials by design[END_REF]. This approach involves the use of one or more pump(s)

and injection line(s) maintained at room temperature for the transportation, at specific flow rates, of the precursor solution(s) into a heated, pressurised tubular reactor. Here, the reaction takes place, and the stream containing the produced materials is collected at the outlet. A schematic diagram of this reactor configuration is shown in Figure 2.2.

This methodology was applied to study the nucleation and growth of materials of different natures, among them also several nanominerals [2]. Independently of the type of approach, some variables must be taken into account for an optimal design. Among them, the most important one to control the nature and the crystallinity of the material product is the residence time. That parameter refers to the time that the growing particles spend flowing through the reactor, and therefore is linked to the reactor's volume, the operating temperature, pressure and flow rate, according to the formula:

τ = V r Q • ρ(T, p) ρ(T 0 , p) (2.3)
with τ the residence time (s), V r the volume of the reactor (L), Q the volume flow rate of the solutions (L/s), ρ(T 0 , p) and ρ(T, p) the density of the solvent at the inlet of the reactor (kg/m 3 ; at 25 • C and working pressure), and inside the reactor (kg/m 3 ; at reaction conditions), respectively.

To conclude, the control on the physicochemical properties of the produced materials in terms of structure, composition, size and morphology, can be achieved by selecting the optimal choice for (i) the type and concentration of precursors, (ii) the solvent, (iii) the temperature, (iv) the pressure, and (v) the residence time.

In this work, supercritical hydrothermal flow synthesis has been investigated as a highly promising process for the synthesis of calcium silicate hydrate nanoparticles.

The main interests in using this technology for the production of synthetic nanominerals are:

• Ability to synthesise high quality nanoparticles by using a one-step process,

• Ultra-fast reaction kinetics (tens of seconds),

• Possibility to operate in a continuous mode, which results in higher control of the synthesis parameters,

• Possibility to employ green reaction medium as water,

• Scalability of this methodology towards industrial-scale production.

The next section is dedicated to the detailed description of the designed system, highlighting its advantages.

DEVELOPMENT OF A SUPERCRITICAL FLOW REACTOR FOR CSH NANOPARTICLES PRODUCTION

Development of a supercritical flow reactor for CSH nanoparticles production

As described previously, the synthesis of xonotlite and tobermorite in supercritical water has been reported firstly by Diez-Garcia et al. [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Diez-Garcia | Supercritical hydrothermal flow synthesis of xonotlite nanofibers[END_REF]. However, in their work, beyond the proof of concept, the study of the structure, as well as the applications of the minerals, was limited by the trace amount of the produced material. In fact, most of calcium silicate hydrate minerals have fibre-like morphology which, from an experimental point of view, results in clogging problems. Consequently, the first objective of this work relies on developing an experimental set-up that allows the production of significant quantities of xonotlite and tobermorite, to assess the impact of the experimental parameters on the material properties, and then to be able to use them in several application fields.

To achieve this goal, a work of process engineering was carried out to design, construct, develop, implement and monitor the synthesis equipment. This process has been a challenging and critical part of this thesis work, and can be summarised in two main steps: the design and the construction. Firstly, to avoid any clogging problems, we have decided to scale up a conventional laboratory-scale reactor. The developed supercritical continuous system consists of a home-made user-customised equipment, composed of several task-specific units, some of them commercially available and others specially designed, assembled together. The set-up is highly modular and consequently offers the opportunity to easily configure the equipment with specific requirements. Once the design of the experimental system was refined, the second step was based on the choice of the materials and the construction. To build an effective and robust reactor, the use of appropriate materials for working at high pressure and temperature is crucial. Also, the material must be chemically inert and resistant to corrosion over a reasonable period of time. To fulfil that mentioned requirements, 316L grade stainless steel was an obvious material of choice for the pipes and the fittings.

The supercritical flow reactor for producing calcium silicate hydrate nanoparticles was built at ICMCB in collaboration with Guillaume Aubert. The set-up is composed of three different sections: the injection of the chemical precursors, the reactor where the crystallisation of the CSH nanoparticles takes place, and the product recovery. A process flow diagram and a picture of the entire experimental system are shown in Figure 2.3.

The injection system

The precursor solutions, the Ca-aqueous solution and the Si-aqueous solution are injected into the system using two separately Jasco Isocratic HPLC pumps (Model PU-2080). This pumping method provides the most stable, accurate, and reliable solution delivery possible. A guaranteed flow rate precision within ± 0.1% over the flow rate range 0.1 mL -10 mL per minute ensures high reproducibility of the process, allowing to study the effect of the residence time on the characteristic of the produced materials. According to Equation 2.3, in our system (reactor volume = 1.33 

The reactor system

The tubular reactor is the central element of the continuous apparatus. It consists of a 0.74 m of 9/16" diameter stainless steel pipe. The internal and the external diameters are 4.78 mm and 14.29 mm, respectively. The width of the reactor was chosen to prevent clogging problems that could occur due to the fibrous nature of calcium silicate hydrate nanoparticles. Likewise, the reactor length and the volume of the reactor were chosen by taking into account the allowed limit flow values of the pumps to have access to a wide range of residence times, according to Equation 2.3.

Two ceramic band heaters are used to obtain a fast and homogeneous heating up.

Each heating element is connected to a Eurotherm temperature controller, which heats via resistive heating by applying electrical power. Two thermocouples in contact to the external walls of the tubular reactor are connected to the temperature controllers to adjust the supplied power depending on the designated set-point value of the temperature. In addition, the reactor part is embedded in an isolating glass wool to prevent heat losses.

In some cases, to achieve very high flow rates and maintain high temperature, an additional preheating unit was incorporated to the system before the inlet of the reactor.

This unit was developed by rolling a 1/8" tube of the injection line around a metallic tube placed inside a ceramic band heater and filled with glass wool.

The set-up pressure is controlled and maintained with a manual Tescom Back Pressure Regulator (BPR). In addition, a manometer was added to monitor the pressure. A purge valve was placed after the tubular reactor to evacuate an eventual over-pressure, which could occur during the supercritical synthesis.

The product recovery system

At the outlet of the reactor, the chemical reaction is quenched thermally downstream with an ice bath. Inside the cooling system, a stainless steel fritted filter (5 µm porous size) is placed to collect the produced nanoparticles. Figure 2.4 shows the design of the recovery system: the fritted filter is placed inside a vessel with an inlet and an output through which the reagent stream flows. The filter offers two advantages: firstly, it avoids the clogging of the tubing in the final part of the set-up, and secondly, it prevents damage to the BPR valve. The fritted filter and the vessel were moulded at the workshop of the ICMCB by Bertrand Guillaume. The home-made user-customised equipment was designed to be highly modular, to easily configure it with specific requirements. For example, the quantity of collected material can be increased by only changing the fritted filter volume, if needed.

DEVELOPMENT OF A SUPERCRITICAL FLOW REACTOR FOR CSH NANOPARTICLES PRODUCTION

The work of process engineering, described so far, was followed by an important procedure to make operative the experimental set-up: the temperature calibration of the reactor.

To do this, a thermocouple was inserted inside the reactor to control, in different points, the internal variation of temperature over a wide range of flow rates. By this procedure, it was ascertained the correct value of temperature, at each flow rate, to set in the two Eurotherms to have the desired temperature inside the reactor.

After these procedures (design, construction and temperature calibration) the equipment was operational for the syntheses of xonotlite and tobermorite minerals. The accessible operating conditions for the system are summarised in Table 2.1. The developed experimental set-up allows to produce ∼ 2.9 g/h of xonotlite (at M = 0.1 mol/L and 7 s) and ∼ 1.4 g/h (at M = 0.05 mol/L and 8 s) of tobermorite, respectively. Behind the high modularity of the system, two more advantages rely on the fine control of the reaction kinetics through the chosen residence times, and on the possibility to use high molar concentration precursor solutions for an effective production of materials, without the risk of clogging.

In the next section, a detailed description of the characterisation methods used in this work to study the synthesised minerals will be introduced.

Material characterisation techniques

In this work, several experimental techniques were used to characterise and analyse the structural, chemical and physical properties of the materials from the macro-down to the nanolevel (Figure 2.5).

The first part of the chapter focuses on the description for each characterisation method of the main operating parameters, sample preparation, and the most useful information extracted from the data analysis. The background principles on which the techniques rely are reported in Appendix A. 

Scanning electron microscopy

To investigate the size and the morphology of the minerals synthesised in this work, scanning electron microscopy (SEM) was employed. The analyses were performed at ICMCB on a scanning electron microscope Jeol JSM 6360A. The electron beam operated in the range of voltage between 0.4 -40 kV, allowing magnification between 10× and 300 000 ×. Also, a high-resolution field emission gun SEM-FEG HR (JEOL 6700F) was employed at PLACAMAT (PLateforme Aquitaine de CAractérisation des MATériaux) in collaboration with Philippe Legros. To carry out a SEM analysis, the dry powder samples were placed in an aluminium stub by using a two-sided carbon tape. Before imaging, as CSH minerals are non-conductive materials, an electrically grounded layer of gold was deposited on the surface using a 108 manual sputter coater equipment. The metal coating allows improving the conductivity of the sample, minimising the negative charge accumulation of the electrons beam.

Transmission electron microscopy

Further investigation of the morphology and the crystallinity of the synthesised mineral powders were performed through transmission electron microscopy (TEM). Transmission electron imaging was carried out at PLACAMAT using a JEOL 1400+ microscope, operating at an acceleration voltage of 120 kV. High resolution imaging was performed at PLACAMAT in collaboration with Marion Gayot and François Weill, by using a JEOL Jem 2200FS FEG high resolution microscope, operating at 200 kV with a range of accessible magnification within 4000× -600 000× and a resolution of 0.1 nm.

Samples for the TEM analysis were prepared by drop-casting a colloidal suspension containing the nanoparticles on an appropriate support, as described in the following. Firstly, a small amount of powder (< 2 mg) was suspended in ∼ 1 mL of ethanol. Successively, to disperse the nanoparticles properly in the solvent, the solution was subjected to sonication in an ultrasonic bath for approximately 15 minutes. Lastly, the solution was deposited dropwise onto a carbon coated copper grid before being left to air dry for several minutes.

This procedure leaves the nanoparticles deposited on the grids, ready to be imaged. A sharp image of the nanoparticles deposited onto the carbon film can be achieved due to the very low contrast of the carbon film in transmission mode, related to the low atomic number of carbon and the nanometric thickness of the film.

Powder X-ray diffraction

In this work, the study of the synthesised materials in terms of crystalline structure, chemical composition and identification of the mineral phases was performed through powder X-ray diffraction (PXRD). The measurements were performed at ICMCB by Eric Lebraud and Stanislav Pechev.

The diffraction patterns were collected on a PANalytical X'Pert PRO MPD X-ray diffractometer in Bragg-Brentano θ -θ geometry equipped with an automatic sampler. The monochromator. For this measurement, the samples were prepared on a silicon sample holder to avoid any diffraction contribution from the sample holder.

radiation source, Cu K α (K α1 λ = 1.5418 Å, K α2 λ = 1.5444 Å),
In situ X-ray diffraction studies at high temperature were performed on PANalytical 

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was employed in this study as an analytical technique for identifying different types of chemical bonds present in the material of interest. The employed set-up at ICMCB was a BRUKER Equinox 55 FTIR spectrometer which, in the allows detecting the infrared spectra at room temperature over the range 400 -4000 cm -1 . To carry out the measurement, the sample was diluted in another material powder, KBr, which is optical transparent within the mid-IR region.

Raman spectroscopy

The vibrational properties of mineral crystals were also characterised using a Raman spectrometer (HORIBA Jobin-Yvon Xplora) at Centre de Recherche Paul Pascal (CRPP).

The system was equipped with a laser of excitation wavelength and spot size equal to 532 nm and ∼ 1 µm, respectively. Prior to analysis, the instrument was calibrated using the 520.5 cm -1 line of a silicon wafer. The measurements were performed using a 50× objective, gratings with 1200 or 2400 lines/mm and a CCD detector. Repeated acquisitions of the spectra in the 200 -3800 cm -1 range with an exposure time of 30 s were acquired to improve the signal-to-noise ratio.

Solid-state nuclear magnetic resonance spectroscopy

Solid-state nuclear magnetic resonance (SSNMR) is a probe for the local structure at the atomic nearest neighbour and next nearest neighbour scale, and thus provides significantly different information than diffraction methods. In this work, we employed it to investigate the environments of proton and silicon sites in xonotlite and Al-substituted tobermorite.

In that later mineral, the position of aluminium atoms in the crystal structure was further analysed. In the following, the four different types of SSNMR measurements ( 29 Si, 27 Al, 1 H- 29 Si and 1 H SSNMR) conducted in this work will be introduced.

a) 29 Si SSNMR

The analysis of 29 Si SSNMR spectrum allows to study the structure of silicates and aluminosilicates: the close correlation between the chemical shift and the structural properties provides an analytical 'fingerprints' to reveal complex structural details of the sample. The silicate structures are usually described by the conventional Q n nomenclature where Q indicates a SiO 4 tetrahedron unit coordinated to other n (0 ≤ n ≤ 4) tetrahedral centres by an oxygen atom. In this notation, the 29 Si SSNMR peaks can be identified as Q 0 which rep- That phenomenon provides an important tool for differentiating Q n (mAl) sites as a function of n and m.

resents an isolated tetrahedron, Q 1 , Q 2 , Q 3 or Q 4 if
b) 27 Al SSNMR 27 Al SS-NMR analysis is used to identify the aluminium coordination structures based on the resulting chemical shifts. The Al centres are typically differentiated by q n notation, where q refers to aluminium in tetrahedral coordination bonded to n (0 ≤ n ≤ 4) tetrahedral silicon centres through oxygen bridges. 29 Si cross polarisation (CP) NMR, contrarily to the direct pulse NMR described up to now in this section, allows the acquisition of the spectra of less abundant nuclei more rapidly and with a higher signal-to-noise ratio. The basic principle of CP SSNMR is based on the transfer of magnetisation from the nucleus with highly-abundant spins to a nucleus with low-abundant spins, by the irradiation of both nuclei at their resonant frequencies during a contact time. Consequently, the response from the less abundant nucleus in the immediate proximity to the more abundant one is amplified. That phenomenon allows obtaining further information on the connectivity or spatial proximity of spins. 1 H NMR 29 Si NMR 29 Si CP NMR 27 All the spectra were deconvoluted using DmFIT program [START_REF] Massiot | Modelling one-and two-dimensional solid-state NMR spectra[END_REF]. For very thin signals,

individual Lorentzian peaks were used, while a combination of Gaussian and Lorentzian (in ratio equal to 0.5) were used when broaden peaks were observed.

Thermogravimetric analysis

Information about physical and chemical phenomena, as phase transition via dehydration, which could occur when the sample is subjected to heating, was obtained by thermogravimetric analysis. The thermal behaviour of xonotlite and tobermorite nanominerals was investigated at Centro de Física de Materiales (CFM) using a TA Instruments Q500 thermogravimetric analyser. During the analysis, the samples were heated from room temperature up to 800 • C with a rate ramp of 5 • C/min under a constant N 2 flow of 60 mL/min.

A thermogravimetric analysis coupled with mass spectrometry (TGA-MS) was performed at ICMCB using a TGA Setaram TAG2400 combined with a Pfeiffer Thermostar mass spectrometer. The measurements were carried out in Ar atmosphere in the range 25 -1100 • C using a heating rate of 10 • C/min.

Inductively coupled plasma/optical emission spectrometry

A quantitative chemical analysis of the outlet water containing the reaction by-products was conducted at ICMCB using a Varian ICP/OES 720-ES spectrometer. The solution was diluted with Milli-Q water using a properly dilution factor to obtain a similar medium, in terms of chemical species concentrations, to that used for the calibration solutions. During the measurement, the concentrations (mg/L) of Ca, Si, Al and Na present in the outlet water were determined. To test the reproducibility and repeatability of the results, for both xonotlite and tobermorite, the outlet solutions of three different syntheses were analysed.

Broadband dielectric spectroscopy

Broadband Dielectric spectroscopy (BDS) is a versatile and powerful technique to investigate the dielectric properties of a material, and thus it is of particular interest for both fundamental and application-oriented researches. Among its main advantages, there are the opportunity to explore a wide frequency range, and the flexibility in state of matter, size and shape of samples. This technique allows to study, in the frequency domain, the material response to an alternating (sinusoidal) external electric field oscillating at a frequency ω = 2πν [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF]. The dielectric properties of the material are described by the complex dielectric function, given by:

* (ω) = (ω) -i (ω) (2.4)
where (ω) and (ω) are the real and imaginary part of the complex dielectric function [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF][START_REF] Lvovich | Impedance Spectroscopy: Applications to Electrochemical and Dielectric Phenomena[END_REF].

Under the electric field, a polarisation is induced into the sample due to different involved phenomena. Depending on the typical timescale, the polarisation mechanisms can be classified as (i) electronic or atomic polarisation, (ii) orientational or dipolar polarisation, (iii) ionic polarisation, and (iv) charge migration polarisation [START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF]. The type of induced phenomenon depends clearly on the frequency of the external field, as shown in Electronic polarisation usually occurs in neutral atoms at high frequencies due to the displacement of the electron cloud slightly away from its equilibrium position [START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF]. This phenomenon is considered an instantaneous process and is observed in the optical frequency band. At lower frequencies, the atomic polarisation is defined as a deformation of the arrangement of the atomic nuclei in a molecule or lattice. This process is due to a temporary dipole moment generated in all the atoms of the material, and it is also known as vibrational polarisation. Atomic polarisation is around two orders of magnitude slower than that of the electron displacement (due to the higher mass), and thus is characterised by lower resonant frequencies. As a consequence it can be observed in the frequency region of infrared [START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF].

In dipolar materials, which possess a permanent dipole moment, the orientational or dipolar polarisation can take place. The phenomenon is related to the alignment of molecular dipoles (initially randomly oriented) in the direction of the applied electric field. The molecular dipole can orient over a wide range of time scales (frequencies), being the process highly dependent on intra-and intermolecular interactions. Consequently, the intermolecular potential, the degree of cooperativity between molecules, the number and the size of involved molecules can affect the dielectric response [START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF]. It is worth mentioning that this type of polarisation is also influenced by the temperature, as the thermal energy randomises the alignment of the molecules.

On the other hand, a mechanism that is commonly observed in ionic solid, inorganic crystals, glasses and ceramic is the ionic polarisation, also known as displacement polarisation. The phenomenon relies on the asymmetric sharing of electrons between several atoms within a molecule. As a result, the electron cloud shifts towards the stronger-binding atom [START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF]. The ionic species can highly affect the dielectric properties of the material, giving rise to high permittivity value.

Lastly, charge migration polarisation is observed when in a material there are charge carriers capable of migrating through the sample, creating a macroscopic field distortion.

This phenomenon can occur via diffusion, fast ionic conduction, or hopping (i.e. when charges, as ions and vacancies or electrons and holes, can hop from one site to another) [START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF]. At low enough frequency, ions can move freely, giving rise to conductivity; in case of trapping of these ions at the interfaces, a space charge phenomenon occurs, which increases as well.

To conclude, at high frequencies, the molecular dipoles are incapable of following the variations in the direction of the field, and consequently the dielectric permittivity will be related to the electronic and atomic polarisation. Nevertheless, as the frequency decreases, the molecular dipoles will start to orient in the electric field's direction, resulting in a partial orientation. The degree of orientation of molecular dipoles will continue increasing with further decreasing of the frequency, which corresponds to an increase in the dielectric permittivity. Finally, the molecular dipoles can reach a state of a full orientation at low enough frequency, which will produce a static value of the dielectric permittivity.

So far, we have described the processes that can occur in a material when subjected to an external electric field. As a consequence of this interaction, a phenomenon, termed dielectric relaxation, takes place when turning off the field or when increasing/decreasing the electric field frequency beyond the characteristic frequency of the process. The decay of polarisation to zero value is not an immediate process but takes a specific finite time, depending on the time required for the dipoles to randomly re-orient. The basic principles on which relies the experimental measurement of the complex permittivity will be introduced in the following.

The measurement of the permittivity through a dielectric spectrometer is based on the physical principle for which a sample placed between two metallic disk-shaped electrodes form a capacitor (Figure 2.8). 

MATERIAL CHARACTERISATION TECHNIQUES

The capacitance, C, of such parallel-plate capacitor is given by [START_REF] Lvovich | Impedance Spectroscopy: Applications to Electrochemical and Dielectric Phenomena[END_REF]:

C = • 0 A d (2.5)
where is the relative dielectric permittivity of the material under study, 0 the vacuum permittivity (8.85 • 10 -12 F/m), A is the area of the plate and d is the distance separating the two plates.

During the experiment, a sinusoidal voltage is produced by a generator and applied to the capacitor. The voltage signal, V (ω), can be expressed as:

V (ω) = V 0 sin(ω t) (2.6)
characterised by an amplitude V 0 and an angular frequency ω [START_REF] Lvovich | Impedance Spectroscopy: Applications to Electrochemical and Dielectric Phenomena[END_REF]. Therefore, the generated current, which flows through the sample, oscillates at the same frequency, but shifted in phase:

I(ω) = I 0 sin(ω t + φ) (2.7)
where the amplitude I 0 and phase φ are linked to the driving voltage. For easy calculation and representation of the formulas, it is more convenient to use complex notations [START_REF] Kremer | Dielectric spectroscopy of polymeric materials[END_REF]:

V (ω) = Re(V * (ω) e iω t ) (2.8) 
and 

I(ω) = Re(I * (ω) e iω t + φ ) (2.9) with V * (ω) = V + i V (2.
I 0 = I 2 + I 2 (2.12) tan(φ) = I I (2.13)
In that mathematical notation, an asterisk immediately following the variable will be used to indicate a quantity that is a complex number [START_REF] Kremer | Dielectric spectroscopy of polymeric materials[END_REF].

The complex impedance of the system is defined as the ratio between the applied voltage and the response current, and its expression is given by [START_REF] Schaumburg | New integrated dielectric analyzer extends accuracy and impedance range for material measurements[END_REF]:

Z * (ω) = Z + i Z = V * (ω) I * (ω) (2.14)
The equation which express the complex dielectric function, Equation 2.4, can be rewritten from Equation 2.5 as:

* (ω) = C * (ω) • d 0 A = C * (ω) C 0 (2.15)
where C * (ω) denotes the complex capacitance and C 0 the capacitance of an empty capacitor. Furthermore, the complex impedance for a single parallel plate capacitor can be also expressed as:

Z * (ω) = 1 iω C * (ω) (2.16)
Consequently, extracting the value of C * (ω) from Equation 2.16 and replacing it in Equation 2.15, the complex permittivity can be redefined as [START_REF] Schaumburg | New integrated dielectric analyzer extends accuracy and impedance range for material measurements[END_REF]:

* (ω) = -i ω Z * (ω) C 0 (2.17)
From this calculation, it appears clear that the determination of * (ω) is essentially based on the measurement of the complex impedance of the sample, Z * (ω). As a consequence, * (ω) can be experimentally determined by measuring the applied voltage and the response current over a frequency range.

To study the dielectric response of a sample, the imaginary part of the dielectric permittivity, (ω), is plotted as a function of the frequency. (ω) is also denominated dielectric loss, being a measure of the field energy dissipated into the sample [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF]. In a loss spectrum, several peaks can appear at different frequencies and temperatures, related to different relaxation processes. For each process, the characteristic time for the dipole relaxation can be defined as:

τ max = 1 2πν max (2.18)
where ν max represents the frequency at the maximum loss (maximum value of (ω)).

In the next part, the analytical tools necessary for understanding the analysis of dielectric data will be presented.

a) Phenomenological and empirical relaxation models

In the literature, several functions have been suggested to describe the dielectric relaxation processes [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF][START_REF] Thomas | Spectroscopic Methods for Nanomaterials Characterization[END_REF]. The most important of these models are examined in the following.

The simplest approach to calculate the time dependence of a polarisation process is illustrated in the Debye model [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF]. That approach describes the relaxation response of an ideal, non-interacting population of freely rotating dipoles to an external electric field. If the field is oscillating with a certain frequency ω, the permittivity is estimated from the Debye equation, as follows:

* (ω) = (ω) -i (ω) = ∞ + ∆ 1 + iωτ (2.19)
where ∆ is the dielectric relaxation amplitude (or dielectric strength) defined as the difference between the low and the high frequency limit of the permittivity, s and ∞ , respectively, and τ the Debye-relaxation time, a parameter linked to the dynamics of the system. For describing asymmetric distribution of the imaginary part , for example, if the relaxation peak is much broader at the high frequency side, the Cole-Davidson equation can be employed [START_REF] Davidson | Dielectric relaxation in glycerine[END_REF][START_REF] Davidson | Dielectric relaxation in glycerol, propylene glycol, and n-propanol[END_REF]: 

* (ω) = ∞ + ∆ [1 + (iωτ CD )] β (2.

b) Temperature dependence of the relaxation process

The temperature dependence of the relaxation times is generally studied by using two main approaches. The simplest one is based on the Arrhenius activation model, in accordance with:

τ = τ 0 exp E a k B T (2.23)
where τ 0 is a temperature-independent parameter which refers to the molecular vibration time, E a is the activation energy, i.e. the energy barrier to overcome for the process to take place, and k B is the Boltzmann's constant. This approach is based on the phenomenon for which the relaxation time (frequency) of a dynamic process increases (decreases) upon decreasing the temperature.

The simple Arrhenius model is often not really suited to describe several systems, and instead the Vogel-Fulcher-Tamman (VFT) equation results to be more appropriate [148,[START_REF] Fulcher | Analysis of recent measurements of the viscosity of glasses[END_REF][START_REF] Tammann | Die Abhängigkeit der Viscosität von der Temperatur bie unterkühlten Flüssigkeiten[END_REF]. This equation is given by:

τ α = τ 0 exp B T -T V F T (2.24)
where B is a temperature-dependent parameter and T V F T is defined as the Vogel temperature. It can be observed that if T V F T = 0 K, the VFT function is identical to the Arrhenius

equation (2.23) with B = E a /k B .

c) Experimental implementation of BDS analysis

In the framework of this study, the complex dielectric permittivity of xonotlite and tobermorite was determined by a Novocontrol Alpha-N broadband dielectric spectrometer at CFM. Prior to analysis, the mineral powder was placed between two parallel gold plated electrodes with a diameter of 30 mm. The sample cell was prepared by pressing the powder manually between the electrodes to form a pellet as compact as possible, being careful that the material is completely covering the surface of the electrodes. As shown previously in Figure 2.8, the capacitor plates separation, d, corresponds to the sample thickness, which was determined to be 0.4 mm using a calibre.

Once the sample was placed inside the dielectric cell cryostat of the equipment, it was dried at 105 • C for 1 h to remove the evaporable water content. Successively, it was subjected to a fast cooling (rate > 20 K/min), and the measure of * (ω) was recorded by isothermal frequency scans every 5 K within a temperature range of 100 -300 K. At higher temperature, the isothermal frequency scans were performed on heating every 10 K. During the experiment, the sample temperature was maintained stable within 0.1 K by a nitrogen gas flow.

A totality of 76 frequency points were recorded for each sample in the frequency range from 10 -2 Hz to 10 6 Hz. The dielectric spectra were analysed using the WINfit software developed by Novocontrol [START_REF] Novocontrol | Alpha high resolution dielectric / impedance analyzer: User's manual[END_REF]. We have used the Cole-Cole functions to describe broadened loss peaks related to nanoconfined water dynamics in xonotlite and tobermorite minerals.

The measurements and the data analysis were carried out in collaboration with Guido 

Cement paste characterisation methods

In this section, the characterisation techniques employed to analyse the cement paste properties will be presented (Figure 2.10). In particular, the study focused on the role of calcium silicate hydrate nanoparticles to trigger the quick formation of the principal hydration product of the cement, the C-S-H gel. 

Calorimetry analysis

The calorimetry analysis is commonly employed to measure the heat released into or absorbed from the environment during a chemical reaction. Within the frame of our work, this technique was used as a sensitive tool for studying the exothermic hydration process of cement over time. As discussed previously in chapter 1, the heat evolution is strongly correlated to the rate of the chemical reactions which take place during hydration, and chemical additions also influence it. Consequently, the effect of calcium silicate hydrate minerals as seeds can be detected by monitoring the hydration curve changes.

In the following, the procedure employed to prepare the cement paste specimens will be presented. The protocol developed in this study comprises the following steps, shown in Figure 2.11:

1. Dispersing the nanoseeds in DI water and sonicating for 120 s, 2. Adding the obtained colloidal suspension to the cement powder, 3. Mixing for 90 s at 800 rpm by using a vortex mixer, 4. Waiting for 60 s, 5. Mixing for 90 s at 1000 rpm by using a vortex mixer.

All cement pastes were prepared using ASTM type I cement and fixing the cement/water ratio to 0.5. In the seeded pastes a variable concentration of dried CSH nanoparticles, 0.5 wt.% or 1 wt.%, per weight of cement was employed. In this work, synchrotron X-ray microtomography was used to explore the spatial distribution of the crystallographic phases within the cement paste at different hydration times.

The use of synchrotron radiation offers several advantages. Among them, there are the feasibility to obtain high quality, low-noise images at the submicron resolution, and phase contrast imaging at very short exposure times. Synchrotron X-ray computed microtomography measurements were carried out at the 8. In this study, the cement pastes were prepared with w/c = 0.5 and and 1 wt.% of xonotlite or tobermorite seeds by using the same protocol developed for the calorimetric test. To perform X-ray computed microtomography analysis, each of the as-prepared pastes was loaded into a cylindrical thin-wall polyimide tube (∼ 3 mm diameter). At different setting times, 7 and 36 h, the cylindrical sample was placed into the sample holder of To carry out the experiment, the ring energy was 1.9 GeV and the beam current was maintained constant at 500 mA. At each scan, the sample was rotated around the axis perpendicular to the X-ray beam propagation. After the interaction with the sample, the beam passes through a scintillator generating visible light. Then, a 5× Mitutoyo magnification optical lens is used to image the scintillator onto a 2560px PCO.Edge Scientific CMOS camera (Figure 2.13(b)). For each sample, a totality of 4320 projected radiographs with an angle step of 0.09 • and an exposure time of 20 ms were acquired. For that analysis, the field of view was 3.3 mm and the pixel resolution was 1.3 µm/voxel. A detailed description of tomographic data processing will be presented in chapter 4.

2.5. CONCLUSIONS

Conclusions

The first main goal of this chapter was to highlight the interest and the necessity of combining the supercritical water media with the continuous process technology for the synthesis of xonotlite and tobermorite particles. For that reason, a brief overview of the synthesis methodologies that exploit supercritical water as a solvent has been presented in the first part.

In the second part, it has been highlighted how the implementation of a continuous process for the production of nanominerals strongly depends on the availability of a suitable experimental set-up. Furthermore, the reactor's performance, robustness, and reliability are the most critical factors to fully capitalise on the benefits of a flow process. For all these reasons, the first challenge of this work focused on the design, construction and development of a suited, innovative and home-made set-up which allows the production of significant quantities of CSH powders.

Through this chapter, the employed characterisation set-ups have also been described, together with the information that can be obtained from the analysis. By combining different types of techniques, such as PXRD, NMR, BDS, and HR-TEM, with different levels of analysis resolution, we can achieve a complete understanding of the materials. In addition, the in-depth study of the CSH minerals is essential for interpreting the properties of cement paste at the micro-and macroscale. Consequently, the last part of the chapter was dedicated to the characterisation techniques employed for exploring the seeding effect of CSH particles in the cement matrix.

In the next two chapters, the experimental results for the synthesis, characterisation and applications of the xonotlite and tobermorite particles will be presented and discussed.

Chapter 3

Deep inside into the synthesis and characterisation of xonotlite and tobermorite nanoparticles In this chapter, the results obtained during the Ph.D. work in terms of synthesis and characterisation of calcium silicate hydrate nanoparticles, namely xonotlite and tobermorite, will be discussed.

The first part of the chapter will be devoted to presenting the experimental protocol developed in this study. In particular, the effect of operating parameters, as temperature and residence time, on the produced materials will be investigated. As we will show later, long residence time (20 s) and high temperature (400 • C) involves, in the case of xonotlite synthesis, the formation of a secondary phase: wollastonite. Thanks to a systematic parametric study, the optimal conditions to synthesise high crystalline xonotlite were found to be 400 • C, 25 MPa and 7 s. Under these conditions, the newly developed set-up can produce ∼ 2.9 g/h of xonotlite (using precursors molar concentration equal to M = 0.1 mol/L).

It is worth mentioning that also under nearcritical conditions, T = 250, 300, and 350 • C and p = 23.5 MPa, the formation of xonotlite in ∼ 115, 105, and 88 s, respectively, were observed. These findings, observed here for the first time, clearly show the advantages of using a continuous process to synthesise xonotlite in only a few seconds, making this methodology much more profitable than the very long conventional hydrothermal route.

In the case of tobermorite, the difficulties related to the stabilisation of that mineral phase at high temperature are widely reported in the literature. Consequently, to avoid the formation of secondary phases, the reaction kinetics must be finely controlled to boost the synthesis. The protocol and the experimental set-up developed in this work allow to produce ∼ 1.4 g/h (at M = 0.05 mol/L for Si precursor) of tobermorite at 400 • C, 25 MPa and 8 s. Thanks to supercritical water, the synthesised tobermorite exhibits high crystallinity and polymerisation degree, which make it much more comparable to the natural specimen than the other synthetic samples reported in the literature so far.

For both xonotlite and tobermorite, the SHFS allows producing model nanominerals very close to the natural counterpart in crystallinity and morphologies, by mimicking the environments at high temperature and pressure of the geological natural process.

In the second part of the chapter, an in-depth characterisation of these model nanominerals using a combination of spectroscopic techniques will be reported for the first time.

Such study allowed us to unequivocally define the picture of the water dynamics in these systems. As it will be shown later, the local chemical environment of nanominerals (either Ca-OH or Si-OH) has a profound effect on the water molecule dynamics. These results can be potentially applied to other water-containing materials, with a significant impact in many materials science fields.

PROTOCOL FOR THE SHFS OF XONOTLITE AND TOBERMORITE

Protocol for the SHFS of xonotlite and tobermorite

In this work, the synthesis of high crystalline calcium silicate hydrates in only a few seconds was performed by employing a continuous set-up.

For the production of xonotlite nanoparticles, the two precursors solutions were prepared by dissolving a stoichiometric amount of Ca(NO 3 ) 2 • 4 H 2 O (calcium nitrate tetrahydrate) and Na 2 SiO 3 • 9 H 2 O (sodium metasilicate nonahydrate) in pure water in order to obtain Ca/Si = 1. Instead, for the synthesis of tobermorite, a small amount of Al replacing the Si in the structure is necessary, as mentioned above. Consequently, a third precursor, Al(NO 3 ) 3 • 9 H 2 O (aluminium nitrate nonahydrate) was used in a concentration of Al/(Al+Si) = 0.15, while calcium and silicate salts were added in a Ca/(Si+Al) molar ratio of 0.83. Afterwards, the precursor solutions were kept under a N 2 flow, by using a two outlets line equipping the experimental set-up, to prevent their carbonation. Initially, only pure water was injected by the two Jasco Isocratic HPLC pumps into the system, and the pressure was progressively increased by closing the BPR. Once the chosen value of pressure was reached, a test of the pumps flow rate was performed to detect any eventual leakage.

At that time, the temperature of the system was increased by setting the value of the operating temperature on the Eurotherm controllers. When the reactor reached the desired temperature and pressure conditions, the three-way junction valves were turned to switch to the precursor lines. The precursor solutions were pumped and fed to the heated and pressurised reactor. Different flow rates (residence times) of the pumps were used to synthesise xonotlite and tobermorite.

At the end of the synthesis time, the heating system was shut down and the reactor was let cool down to room temperature. Finally, once the system returns to ambient conditions, the filter was disassembled from the reactor and then opened by 15-inch adjustable wrench to collect the synthesised particles ( In the next sections, the influence of the experimental parameters on the synthesised mineral phase, structure, and properties will be presented. From now on, when comparing xonotlite and tobermorite synthesised in supercritical water (SCW) or via a hydrothermal synthesis (HS) to the natural counterparts (N), we will refer to them with the acronyms SCW, HS, and N, respectively.

XONOTLITE SYNTHESISED IN SUPERCRITICAL WATER

Xonotlite synthesised in supercritical water

To investigate the formation of xonotlite via a flow synthesis, two processes were analysed separately:

1. the precipitation at room temperature of the Ca-and Si-precursors in the T-mixing piece at the inlet of the reactor to form a calcium silicate hydrate compound, 2. the crystallisation of xonotlite particles inside the tubular reactor kept under nearor supercritical conditions.

In the following, these two steps will be discussed. This poorly crystalline material can be considered as the starting precursor for the synthesis of xonotlite under near-and supercritical conditions. To study the chemical process that results in the formation of crystalline xonotlite, syntheses at different temperatures were performed, as will be discussed in the following. theses were performed keeping the flow rate of each pump at 2.8 mL/min, that corresponds, depending on the temperature, to distinct residence time values (according to Equation 2.3). From now on, in the text we refer to these samples with the label T250, T300, T350, and T400. The list of parameters employed in these experiments is reported in Table 3.1. The majority of the peaks, in all samples, are coincident in positions and intensities with those of xonotlite, as reported in PDF file no. 00-023-0125 of monoclinic xonotlite (space group P2/a) in the ICDD database. Furthermore, in all the diffraction patterns, the most intense diffraction peak, centred at 28.9 • (2θ), is related to the (320) reflection.

Investigation of the mixing procedure

Comparing the diffraction patterns of T250, T300, T350, and T400 samples, the effect of temperature is clear: higher temperature, despite the shorter time that growing particles spend in the reactor, results in an increasing of the material crystallinity. In fact, T350 and T400 exhibit sharper and less broadened diffraction peaks in respect to samples synthesised at a lower temperature. Furthermore, it is possible to observe that in these conditions of low flow rate (high residence time), the increasing of the temperature leads to the crystallisation of wollastonite (principal diffraction peak centred around 30 • (2θ)) and calcium carbonate polymorphs, as calcite and vaterite. The presence of vaterite and wollastonite is responsible for the broadening of the [START_REF] Frunza | Relaxation processes of water confined to AIMCM-41 molecular sieves. Influence of the hydroxyl groups of the pore surface[END_REF] peak in T250 and T300, which at higher temperature (T300 and T400) results in three different diffraction peaks. Whereas, the diffraction peaks at As a consequence, our results are in agreement with the existence of two different types of proton environments already detected in both natural and synthetic xonotlite synthesised under conventional hydrothermal conditions [45,[START_REF] Kalousek | Crystal chemistry of hydrous calcium silicates: I, substitution of aluminum in lattice of tobermorite[END_REF][START_REF] Churakov | Structure of the hydrogen bonds and silica defects in the tetrahedral double chain of xonotlite[END_REF][START_REF] Méducin | Calcium silicate hydrates investigated by solid-state high resolution 1 H and 29 Si nuclear magnetic resonance[END_REF]. Furthermore, the spectrum of the sample T250 shows two more intense peaks at 1.2 and 3.7 ppm which can be assigned to the presence of unreacted C-S-H precursor due to the low synthesis temperature. Small contributions of these peaks are also observed in the sample T300. The inset in Figure 3.4 shows that by increasing the temperature, another peak at around 15 ppm appears. This signal can be assigned to strongly hydrogen-bonded protons involving Si-OH groups, as already reported for other silicate minerals [START_REF] Brunet | Application of 29 Si homonuclear and 1 H-29 Si heteronuclear NMR correlation to structural studies of calcium silicate hydrates[END_REF]. From the deconvolution of the spectra, this contribution has been calculated to be equal to 5% in T400, and around 1 -2% in T300 and T350, whereas it was not detected in T250.

More information can be obtained from the comparison between these spectra. First, by increasing the temperature, the quantity of xonotlite in the sample increases (especially, the amount of Ca-OH increases), NMR giving semi-quantitative information. That result is in agreement with the PXRD analyses of the samples previously reported. Second, the quantity of molecular water adsorbed on the mineral surface decreases. Third, the peak at around 15.2 ppm becomes more intense the higher the temperature is. These findings suggest that higher temperature, and thus higher crystallinity of the structure, result in an increase in the H-bond network strength and a lower wettability of the mineral surface.

The silicate structure and the local chemical environment of Si atoms in xonotlite samples, synthesised at different temperatures, were investigated by 29 Si MAS NMR. To interpret the results, we must recall the structure of this mineral phase. As shown in Figure In Figure 3.6(a), the signal centred around -86 ppm is attributed to the Q 2 Si sites, and the other at -97 ppm to the presence of Q 3 silicon tetrahedra in branching positions. We can observe that the splitting of the Q 2 peak into two components becomes much more clear at high temperature; on the contrary, it is less detectable due to the broadening of the signals when decreasing the temperature. The sharpness of SSNMR peaks in T350 and T400 samples is the proof of their higher crystallinity, in agreement with the PXRD results. Furthermore, another peak appears in T250 and T300 at around -80 ppm due to the Q 1 contribution, related to end site of the silicate anion chains. The presence of Q 1 Si sites is the direct evidence of defects, and a more defective and low crystalline material. In this sense, it is interesting to observe that the Q 1 contribution decreases by increasing the temperature. On the other hand, the spectra of samples synthesised at higher temperatures, T350 and T400, show another signal at around -88 ppm which can be associated with the wollastonite presence in the sample. The proof that this contribution comes from wollastonite was obtained through 1 H- 29 Si CP/MAS NMR experiment, that is sensitive only to Si in close proximity to H atoms. Being protons absent in wollastonite structure, 1 H- 29 Si CP/MAS NMR spectrum of T400 does not exhibit the peak a -88 ppm, Figure 3.6 (b). In this sense, SSNMR confirms the formation of wollastonite in T350 and T400, already observed by powder X-ray diffraction. The presence of wollastonite in samples synthesised at low flow rate (high residence time) and temperature equal to 350 and 400 • C, even if in small traces, is interesting, as in the literature the formation of that dehydrated phase is reported by calcination of xonotlite at 800 • C for 2 h. More details regarding the dehydration process of xonotlite to form wollastonite will be reported in chapter 4. The spectra are normalised for the material mass and the number of scans, and thus comparable to each other. (b) 1 H- 29 Si CP/MAS NMR spectrum of T400.

In this section, the results related to xonotlite synthesis via the developed near-or supercritical flow process were discussed. Two crucial experimental findings should be highlighted. First, the formation of xonotlite is stable over a wide range of temperatures, from 250 to 400 • C at 23.5 MPa. These results reported for the first time here make this methodology very profitable in terms of very fast production even at mild temperature. In fact, the developed process allows to produce xonotlite at 250 • C in 115 s, contrarily to the conventional hydrothermal route reported in the literature which at the same temperature requires several hours. Second, PXRD and SSNMR results have shown that by increasing the temperature, the crystallisation of the material increases. However, under these conditions the formation of a secondary phase, wollastonite, takes place. Consequently, to synthesise highly crystalline single phase xonotlite, the residence time has to be decreased to avoid its dehydration.

In additions to the parameters investigated so far, also pressure plays an important role in the dehydration process, as it will be presented more in detail in chapter 4. It is possible to observe the (2,0,0) atomic planes characteristic of xonotlite structure, suggesting that the fibre grows along the direction of the silicate chains parallel to b-axis (Figure 3.9(d)). The interlayer distance between these planes was measured be equal to 8.6 Å (Figure 3.9(c)) in agreement to the [START_REF] Frunza | On the mobility of sodium ions and of confined liquid crystals in molecular sieves of faujasite type[END_REF] reflection observed in the PXRD pattern.

With the aim of studying the effect of the residence time shortening (from 20 to 7 s) on the silicate structure of xonotlite, 29 Si MAS NMR was performed, The ratio between the areas, Q 2 :Q 3 , was approximately 2:0.9. However, the ideal crystal structure of xonotlite is built by parallel silicate chains in "dreiereinfachketten" arrangement with two "paired" Q 2 tetrahedra (Si(1), Si(2)) and one Q 3 site (Si(3)); consequently, Q 2 :Q 3 ratio should be equal to 2:1. That difference implies that in xonotlite synthesised under supercritical conditions, some Q 3 silicon sites are missing. Similar results were also found in other studies on synthetic and natural xonotlite [START_REF] Noma | 29 Si and 1 H NMR of natural and synthetic xonotlite[END_REF]. Furthermore, the absence of wollastonite in this sample, as already observed by PXRD, is here confirmed by 29 Si MAS NMR, as the peak characteristic for the dehydrated phase at -88 ppm is not anymore detectable, if compared to Figure 3.6(a).

Another technique that gives detailed information on the chemical structure of a mineral is the infrared spectroscopy. The characteristic IR spectrum of xonotlite is shown in Figure The peak at 1632 cm -1 is attributed to the scissoring bending mode of water [START_REF] Mostafa | Hydrothermal synthesis and characterization of aluminium and sulfate substituted 1.1 nm tobermorites[END_REF]. Instead, the bending mode vibration of CaO-H, typical of xonotlite structure, is observed at 631 cm -1 . The band around 1202 cm -1 is assigned to Si-O stretching vibrations involving In the next section, the synthesis and characterisation of tobermorite will be reported and discussed.

TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER

Tobermorite synthesised in supercritical water

The conventional hydrothermal synthesis of tobermorite has been widely reported in the literature. Among the numerous studies, Shaw et al. proposed a two stages mechanism for tobermorite formation based on an in situ energy-dispersive X-ray diffraction analysis within the temperature range 235 and 310 • C [START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF]. The proposed mechanism involves the first formation at room temperature of poorly crystalline C-S-H, characterised by a good periodicity parallel to the ab plane but a low order along the [001] direction. This step is followed by an increase of the order in the CaO layers and of the periodicity along the c direction until tobermorite crystallises at a higher temperature. Based on this proposed model [START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF], and on the observation related to the mixing of reagents for xonotlite (section 3.2.1), we assume that this mechanism applies also to the formation of tobermorite via SHFS, where poorly crystalline phase forms at the T-mixing point and then the crystallisation of the mineral takes place in the reactor.

In chapter 1, a detailed description of the tobermorite-xonotlite phase boundary was reported. The several studies present in the literature have shown that tobermorite is thermodynamically unstable at high temperature. Thus, that parameter plays an important role in the formation of single phase tobermorite. Furthermore, also the aluminium content and the synthesis time are important experimental factors. Consequently, the complex synthesis of tobermorite does not allow to play with the experimental parameters in a wide range of values, as it was done for xonotlite. For the formation of tobermorite at 400 • C and 25 MPa, the residence time should be as fast as possible to avoid the formation of other species as xonotlite, but long enough to allow the crystallisation of the material. In this work, to meet the needs for the production of highly crystalline tobermorite, a residence time of 8 s was used. Furthermore, as introduced in chapter 1, due to the instability of this mineral phase at high temperature, a small quantity of Al should be added in the precursor solution. In this work molar ratios of Ca/Al+Si = 0.83 and a Al/Al+Si = 0.15 were employed.

Crystal structure and physicochemical properties of tobermorite

Powder X-ray diffraction was used to identify the mineral phase and to investigate the crystallinity of tobermorite synthesised in supercritical water. In In chapter 1, we discussed the existence of two types of 11 Å tobermorite, described as 'normal' or 'anomalous' depending on their dehydration behaviour. The normal specimen dehydrates to the 9 Å form when heated at 300 • C. On the other hand, despite the anomalous variant dehydrates under similar conditions, its basal distance does not decrease. To study the nature of our 11 Å tobermorite, either normal or anomalous, the sample synthesised in supercritical water was further subjected to dehydration at 300 • C in an oven for 24 h. As shown in Figure 3. synthesised in supercritical water exhibits a fibre-like morphology with a size of approximately 2 -20 µm in length and 10 -20 nm in width. This result confirms the similarity of the tobermorite synthesised under supercritical conditions to the natural mineral, which also crystallises in the form of fibres or plates [START_REF] Mitsuda | Phase evolution during autoclaving process of aerated concrete[END_REF]. In contrast, tobermorite prepared by conventional hydrothermal synthesis shows a foil-like morphology unless templates are employed to induce fibre formation [START_REF] Huang | Novel hydrothermal synthesis of tobermorite fibers using Ca(II)-EDTA complex precursor[END_REF][START_REF] Mitsuda | Phase evolution during autoclaving process of aerated concrete[END_REF]. To explain these findings, we should consider the kinetic effects: the formation of natural tobermorite occurs at low temperature, due to its unstable character, over many years, while synthetic varieties have to form in a much shorter time. As a result, the reaction temperature must be increased in the laboratory to trigger a faster crystallisation process.

However, at higher temperature, only an accurate control on the reaction time can inhibit the formation of other mineral phases. That control is difficult to be achieved in a traditional batch method, where the mild temperatures typically used (≤ 250 • C) could lead to the crystallisation of other stable phases during the synthesis of tobermorite. Consequently, in a conventional subcritical hydrothermal synthesis, the process has to be prematurely interrupted to avoid xonotlite crystallisation, resulting in the formation of foil-like structures often accompanied by amorphous or poorly ordered materials [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF]. On the other hand, using the supercritical water-based technology the control on the ultra-fast kinetic is achieved, allowing fibre-like tobermorite synthesis.

SEM analysis provides further information. Figure 3.14(d) shows the presence of both aggregates of small fibres as well large individual fibres. That evidence confirms that the growth of fibres occurs through a homogeneous nucleation process, as previously observed [START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Bell | Morphological forms of tobermorite in hydrothermally treated calcium silicate hydrate gels[END_REF]. According to that formation model, at first, the crystallisation of small fibres takes place, then they can aggregate and evolve to form large single units in a second step, Figures 3.14(e) and 3.14(f). In fact, in the orange rectangular inset regions of Figures 3.14(c) and 3.14(f), it is possible to observe that both small aggregates and large fibres are constituted of several single units.

This experimental evidence proves that our methodology, mimicking the environments of the geological process, allows producing model nanominerals very close to the natural counterpart in terms of crystallinity and morphologies.

Tobermorite crystals were further characterised by high-resolution transmission electron microscopy. HR-TEM analysis allows the investigation of the preferential growth direction and to confirm the high crystallinity of the material, observed by PXRD. The deconvolution of the spectrum in six components was performed to obtain quantitative information on the content of silicon and aluminium ions in sites with different connectivities. First, a signal centred at -79.6 ppm was detected and assigned to Q 1 sites.

This contribution is commonly related to end-of-chain silicon tetrahedra, thus indicating a defective silicate chain structure. The low value of this contribution, only 4%, implies a high degree of polymerisation related to the presence of long silicate chains in Al-tobermorite synthesised via SHFS. It is worth mentioning that the fraction of end-of-chain silicon Q 1 found in our sample is much lower than what previously reported, 14 -17%, for other synthetic Al-tobermorite obtained by conventional hydrothermal synthesis [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF].

Two more broad signals appear at -92.3 and -96.4 ppm, assigned to chain branching sites Q 3 (1Al) and Q 3 (0Al), respectively. The presence of Q 2 (1Al) confirms that Al 3+ is present in the bridging tetrahedra positions. However, the fraction of Q 2 , 40%, is higher than Q 2 (1Al), 33%, implying that these sites allocate a higher number of Si atoms than Al atoms. The replacing of silicon atoms (Si 4+ ) by aluminium atoms (Al 3+ ) generates in the structure a negative charge excess, which is expected to be compensated by Ca 2+ cations placed in the interlayer or by single proton.

Interestingly, the addition of aluminium in the mineral structure gives rise to alumina cross-linking sites, which can be detected by the presence of Q 3 (2Al) at -88.8 ppm. The Löwenstein's rule states that -Al-O-Al-bond formation should be forbidden. However, violations of that rule have been documented in several systems, such as mica [START_REF] Pavón | Direct evidence of Löwenstein's rule violation in swelling high-charge micas[END_REF], zeolite [START_REF] Fletcher | Violations of Löwenstein's rule in zeolites[END_REF], and calcium aluminosilicates [START_REF] Dann | Löwenstein's rule extended to an aluminum rich framework. The structure of bicchulite, Ca 8 (Al 2 SiO 6 ) 4 (OH) 8 , by MAS NMR and neutron diffraction[END_REF], when the Al content is sufficiently high. Furthermore, the presence of Q 3 (2Al) has been detected in natural Al-tobermorite [START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF] as well as proposed that the Löwenstein's rule might be circumvented under some kinetic constraints [START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF], which could be the case of the formation of Al-tobermorite under supercritical conditions. To fully elucidate the aluminosilicate structure of Al-tobermorite, it was crucial to perform 27 Al MAS NMR analysis. In fact, this technique gives more precise information on enter position of Al atoms rather than the 29 Si MAS NMR, for two main reasons. First, 29 Si MAS NMR signals are often overlapped, making complicated the fitting procedure.

Second, Q n (mAl) sites could have different relaxation times giving rise to an over-or underestimation of their contribution. On the contrary, during 27 Al MAS NMR measurements, aluminium atoms have shown faster relaxation time than silicon sites. Therefore, The presence of two distinct Al [4] can be related to the replacing of Si by Al in two different lattice environments: the resonances at 64 and 56.3 ppm correspond to the substitution in the middle chain bridging Q 2 and the branching Q 3 sites, respectively [START_REF] Komarneni | 27 Al and 29 Si magic angle spinning nuclear magnetic resonance spectroscopy of Al-substituted tobermorites[END_REF][START_REF] Sasaki | Structural degradation of tobermorite during vibratory milling[END_REF].

Considering the deconvolution of the 27 Al MAS NMR spectrum, it can be stated that Al atoms preferentially enter into branching tetrahedral sites of Al-tobermorite synthesised under supercritical conditions. Based on this analysis, it appears clear that Al atoms connect silicate polymeric chains together during the growth mechanism, creating silicate units that are linked by bridging and, mostly, branching AlO 4 units. These results are in agreement with those previously reported for Al-tobermorite [START_REF] Houston | Transformation of meta-stable calcium silicate hydrates to tobermorite: reaction kinetics and molecular structure from XRD and NMR spectroscopy[END_REF][START_REF] Komarneni | 27 Al and 29 Si magic angle spinning nuclear magnetic resonance spectroscopy of Al-substituted tobermorites[END_REF].

It is worth mentioning that 27 Al MAS NMR of tobermorite synthesised via SHFS is reported in this work for the first time. In fact, in the study of Diez-Garcia [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF], the low amount of material did not allow to perform it, highlighting the importance of developing a suitable user-customised reactor.

The SSNMR results were further confirmed by Raman analysis. Raman spectrum in Figure 3.18 shows several well-resolved bands from which it is possible to obtain structural The principal band appears at 678 cm -1 and is attributed to linkages involving Q 2 tetrahedra, more specifically to symmetrical Si-O-Si bending vibration [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF][START_REF] Kirkpatrick | Raman spectroscopy of CSH, tobermorite, and jennite[END_REF]. The main contributor of this Raman signal intensity is the bending of Si-O b bond between a silicon atom and a bridging oxygen atom. Consequently, the high polymerisation degree of the chains, observed by 29 Si MAS NMR, is here confirmed by the high intensity of that signal, related to the large number of bridging oxygen atoms that vibrate in phase.

The band at 621 cm -1 is characteristic of Si-O-Si symmetrical bending involving Q 3 crosslinking Si tetrahedra [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF][START_REF] Kirkpatrick | Raman spectroscopy of CSH, tobermorite, and jennite[END_REF]. The broad shoulder on the low-frequency side, around 570 cm -1 , could be related to the contribution of Al-O-Si vibrational modes, as previously observed in hydrothermally synthetic Al-tobermorite [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF].

The intense band at 1009 cm -1 represents the symmetrical Si-O-Si stretching mode assigned to Q 2 Si sites [START_REF] Garbev | Struktur, eigenschaften und quantitative rietveld analyse von hydrothermal kristallisierten calciumsilikathydraten (C-S-H phasen)-Structure, properties and quantitative rietveld analysis of hydrothermal, crystalline calcium silicate hydrates (C-S-H phases)[END_REF]. On the low-frequency side of this band, the signal around 959 cm -1 is attributed to Si-OH stretching vibrations, as previously reported [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF]. Furthermore, the symmetrical Si-O-Si stretching band shows a broad shoulder on the highfrequency side, around ∼ 1050 cm -1 , probably related to symmetrical stretching involving Q 3 silicate units [START_REF] Garbev | Struktur, eigenschaften und quantitative rietveld analyse von hydrothermal kristallisierten calciumsilikathydraten (C-S-H phasen)-Structure, properties and quantitative rietveld analysis of hydrothermal, crystalline calcium silicate hydrates (C-S-H phases)[END_REF]. Vibrations related to Q 1 sites commonly appear in the region within 800 and 890 cm -1 [START_REF] Kirkpatrick | Raman spectroscopy of CSH, tobermorite, and jennite[END_REF], and as previously observed in 29 Si MAS NMR spectrum, that contribution is very small in our sample.

TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER

The band characterised by an asymmetrical feature to higher frequencies with intensity extending to about 450 cm -1 , can be related to internal deformations of the silicon tetrahedra [START_REF] Kirkpatrick | Raman spectroscopy of CSH, tobermorite, and jennite[END_REF]. More specifically, it has been assigned to O-Si-O bending vibrations, where non-bridging oxygen atoms linked to Si atoms are the main contributor [START_REF] Garbev | Structural features of C-S-H(I) and its carbonation in air-A Raman spectroscopic study. Part I: fresh phases[END_REF]. Lastly, the peaks within the region 250 and 350 cm -1 are associated to Ca-O lattice vibrations [START_REF] Ortaboy | Effects of CO 2 and temperature on the structure and chemistry of C-(A-)S-H investigated by Raman spectroscopy[END_REF].

The presence of a low-intensity peak centred at 1090 cm -1 is related to the very Ramansensitive symmetrical C-O stretching mode of CaCO 3 , as vaterite [START_REF] Ortaboy | Effects of CO 2 and temperature on the structure and chemistry of C-(A-)S-H investigated by Raman spectroscopy[END_REF]. This peak is commonly detected in both natural and synthetic tobermorite specimens [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF].

The characteristic reflection spectrum of Al-tobermorite obtained through FTIR measurement confirms the Raman results and gives more information, Figure 3.19. In the spectrum of tobermorite, as for xonotlite, the band related to the bending vibration of water is centred around 1639 cm -1 . In the range 1100 -1200 cm -1 , a band at 1166 cm -1 and a small bump around 1200 cm (ν as (Si-O-Si)) stretching vibration of Si-O-Si bridges, respectively [START_REF] Mostafa | Hydrothermal synthesis and characterization of aluminium and sulfate substituted 1.1 nm tobermorites[END_REF]. Instead, the peaks centred at 677 and 600 cm -1 are assigned to the respective symmetrical stretching vibrations bands (ν s (Si-O-Si)). Lastly, the presence of small traces of vaterite contribute to the IR spectra around 1400 and 780 cm -1 .

The spectral features at 1022 cm -1 can be assigned to Si-O stretching (in SiO 2 ) in agreement for what is reported for natural tobermorite [START_REF] Monasterio | Effect of chemical environment on the dynamics of water confined in calcium silicate minerals: Natural and synthetic tobermorite[END_REF]. In the frequency region within 

Intrinsic mechanical properties of tobermorite synthesised in supercritical water

As discussed in chapter 1, Al-tobermorite is considered as a model for calcium aluminosilicate hydrate, the glue in concrete, and it has also been found in ancient Roman concrete. The service life of Roman structures is about two orders of magnitude longer than that of modern structures [START_REF] Palomo | Hybrid binders: a journey from the past to a sustainable future (opus caementicium futurum)[END_REF], and their high durability (over 2000 years) has been related

to the presence in it of Al-tobermorite. In this context, the investigation of the mechanical Second, the applied compression results in a broadening of all diffraction peaks, which can be related to the mineral structure's amorphisation in terms of reduction in the structural order and/or the development of microstrains. This pressure-induced amorphisation phenomena has been previously detected in several other HP-XRD experiments, including studies on synthetic tobermorite [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF], natural tobermorite [START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF], tobermorite in Roman concrete [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF], jennite [START_REF] Moon | Mechanical properties of jennite: A theoretical and experimental study[END_REF], calcium aluminosilicate hydrate [START_REF] Geng | Aluminum-induced dreierketten chain cross-links increase the mechanical properties of nanocrystalline calcium aluminosilicate hydrate[END_REF], and cementitious material phases [START_REF] Moon | Pressure induced reactions amongst calcium aluminate hydrate phases[END_REF][START_REF] Moon | High pressure study of low compressibility tetracalcium aluminum carbonate hydrates 3CaO•Al 2 O 3 •CaCO 3 •11H 2 O[END_REF].

Thanks to this study, unit cell parameters of the material were refined using CelRef software with Merlino's tobermorite structure, space group B11m [START_REF] Merlino | Tobermorite 11 Ȧ and its synthetic counterparts: Structural relationships and thermal behaviour[END_REF]. In Table 3.2 the unit cell parameters of Al-tobermorite measured for the different pressure values are reported. As already shown from the XRD patterns, the applied hydrostatic pressure impacts the crystal structure producing a gradual decreasing of the unit cell parameters and the cell volume. These results agree with those previously reported for 11 Å tobermorite synthesised under subcritical conditions [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF]. The HP-XRD results can be used to obtain information on the intrinsic mechanical properties of Al-tobermorite synthesised under supercritical conditions. First, the definitions of Biot strain and bulk modulus must be introduced. Biot strain of the unit cell is defined as:

Biot Strain = L -L 0 L 0 (3.1)
where L and L 0 are the lattice parameters of the unit cell at the applied and ambient pressure, respectively. Biot strain along each axis as a function of applied hydrostatic pressure can be fitted with a linear trendline, as displayed in Figure 3.21. 

TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER

The results have shown that the incompressibilities along aand c-axes of tobermorite synthesised in SCW are -1/283 and -1/241 GPa -1 , respectively, highly comparable to previous studies on cross-linked C-A-S-H [START_REF] Geng | Aluminum-induced dreierketten chain cross-links increase the mechanical properties of nanocrystalline calcium aluminosilicate hydrate[END_REF] and hydrothermally synthetic Al-tobermorite with similar Al content [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF]. Whereas, the incompressibility value along the b-axis was estimated to be higher than that reported by Li et al. for tobermorite synthesised with a similar Al content, Al/(Al+Si) = 0.16, in autoclaves under subcritical conditions at 170 • C for 22 h followed by additional 2 h at 180 • C [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF]. This significant result suggests that the b-axis of Al-tobermorite synthesised in SCW is stiffer than that of hydrothermally synthetic Al-tobermorite. This phenomenon could be explained by considering the high polymerisation degree of the aluminosilicate chains observed by SSNMR, which in turn can be related to a more crystalline and ordered structure of our sample.

The third-order Birch-Murnaghan equation of state (BM-EoS, Equation 3.2) describes the relationship between the pressure-induced volumetric change and the bulk modulus of an unit cell [START_REF] Birch | Finite strain isotherm and velocities for single-crystal and polycrystalline NaCl at high pressures and 300 K[END_REF]:

P = 3 2 K 0 (V /V 0 ) -7 3 -(V /V 0 ) -5 3 1 + 3 4 K 0 -4 (V /V 0 ) -2 3 -1 (3.2)
where P is the applied hydrostatic pressure in the chamber, K 0 is the bulk modulus at ambient pressure, V is the volume of unit cell under pressure, V 0 is the initial volume of unit cell at ambient pressure, and K 0 is the pressure derivative of K 0 , typically fixed at 4

for cement-related phases [START_REF] Moon | Mechanical properties of jennite: A theoretical and experimental study[END_REF][START_REF] Moon | Pressure induced reactions amongst calcium aluminate hydrate phases[END_REF]. In our work, the second-order BM-EoS was employed, as commonly done for these materials in previous studies [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF][START_REF] Moon | Mechanical properties of jennite: A theoretical and experimental study[END_REF][START_REF] Moon | Pressure induced reactions amongst calcium aluminate hydrate phases[END_REF][START_REF] Moon | Experimental and theoretical studies on mechanical properties of complex oxides in concrete[END_REF]:

P = 3 2 K 0 [(1 -V ) -7 3 -(1 -V ) -5 3 ] (3.3)
where V is the volumetric strain of a unit cell, defined as V = (V 0 -V)/V 0 . Figure 3 Table 3.3: Comparison between the bulk modulus and the incompressibility values along the b-axis determined for 11 Å tobermorite synthesised in supercritical water (SCW), and other specimens: natural [START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF], product of ancient Roman seawater concrete [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF], and synthetic obtained via conventional hydrothermal synthesis (HS) [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF]. For the natural samples, the letters n and a refer to a normal or an anomalous specimen.

Tobermorite specimens

Natural [START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF] Roman Concrete [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF] Synthetic (HS) [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF] 

Synthetic (SCW) Bulk Modulus (GPa) 71 ± 4 (n) 55 ± 5 71 ± 2 75 ± 2 63 ± 2 (a) Incompressibility along b-axis (GPa -1 ) - - -1/260 -1/345
Another interesting comparison could be made between the values of K 0 measured in this work and that measured for Al-tobermorite found in ancient Roman seawater concrete, 55 ± 5 GPa [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF]. The lower K 0 value of tobermorite in ancient Roman concrete could be related to the presence in the structure of some distortion due to Na + and K + incorporation in the interlayer, which results in lower mechanical properties.

TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER

The relevant results on the intrinsic mechanical properties of 11 Å tobermorite found in this work are summarised and compared with those previously reported in the literature for several natural and synthetic tobermorite specimens in Table 3.3 [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF][START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF][START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF].

To conclude, anomalous Al-substituted 11 Å tobermorite was synthesised in this work via a hydrothermal flow process in supercritical water at 400 • C and 25 MPa in 8 s.

The main advantage to use this methodology relies on boosted reaction kinetics, allowing the synthesis of high crystalline tobermorite fibres in only 8 s. The in-depth characterisation analysis has shown that, despite the curtail of reaction times, our material is very close to the natural mineral in crystallinity and morphologies.

Furthermore, by using techniques as SSNMR, Raman and HP-XRD, we have shown that 11 Å tobermorite synthesised in SCW exhibits aluminosilicate chains with high polymerisation degree, a less defective structure, and better intrinsic mechanical properties if compared to samples produced via conventional hydrothermal synthesis.

These findings suggest that this innovative technology more accurately captures the formation process of minerals that takes place in nature. 

Fingerprint of tobermorite nanomineral synthesised in SCW

Correlation between the dynamics of confined water and the local chemical environments in xonotlite and tobermorite

In chapter 1 (section 1.2.4), the extensive interest in studying the dynamics of nanoconfined water in calcium silicate hydrate nanominerals has been highlighted. Despite previous studies on C-S-H gel [START_REF] Goracci | Dynamics of nano-confined water in Portland cement -comparison with synthetic C-S-H gel and other silicate materials[END_REF][START_REF] Cerveny | Effect of hydration on the dielectric properties of C-S-H gel[END_REF][START_REF] Monasterio | Effect of addition of silica-and amine functionalized silicananoparticles on the microstructure of calcium silicate hydrate (C-S-H) gel[END_REF] and tobermorite [START_REF] Monasterio | On the dielectric properties of water confined in cement-like materials[END_REF][START_REF] Monasterio | Effect of chemical environment on the dynamics of water confined in calcium silicate minerals: Natural and synthetic tobermorite[END_REF], the definitive origin of the relaxation processes in these systems is difficult to ascertain, and an appropriate assignment is still incomplete. This lack of knowledge can be attributed to two main reasons. First, the description of C-S-H gel structure, which accommodates both Ca-OH and Si-OH groups at the nanoscale, is very complex due to its heterogeneous and amorphous nature. Second, the tobermorite mineral, even if more crystalline than C-S-H gel, contains only Si-OH groups and thus does not allow to investigate the effect of different chemical environments on the dynamics of water molecules.

In this work, to further elucidate the relationship between the dynamics of nanoconfined water and the local material chemistry in calcium silicate hydrates, two appropriate synthetic model nanominerals, xonotlite and tobermorite, were studied. Tobermorite is an optimal candidate to explore the effect of the silicon hydroxide environment on water dynamics, and xonotlite is expected to be a good mineral archetype to study the additional contribution of the Ca-OH chemical environment.

The study was conducted in 2 steps: first, the hydrogen bond network of the minerals was investigated, and then the dielectric spectroscopy data were interpreted to explain the nanoconfined water dynamics in xonotlite and tobermorite. We refined the picture of the dynamics of confined water and hydroxyl groups in calcium silicate hydrates, through a combination of spectroscopic techniques, which could be potentially applied to other water-containing materials.

Study of the hydrogen bond network in xonotlite and tobermorite structures

Three powerful techniques for the investigation of the hydrogen bond networks in nanominerals are Fourier transform infrared, Raman, and nuclear magnetic spectroscopies.

The characteristic IR spectra of xonotlite and tobermorite within the range 2800 -4000 cm -1 are shown in Figure 3.24. The sharp absorption peak at 3610 cm -1 is attributed to the hydroxyl stretching bands of the Ca-OH units in the mineral, similar to those of portlandite (Ca(OH) 2 ), where the A 1g (OH) mode appears around 3630 cm -1 [START_REF] Garbev | Structural features of C-S-H(I) and its carbonation in air-A Raman spectroscopic study. Part I: fresh phases[END_REF]. Comparing the IR spectra of xonotlite and tobermorite, it can be noticed that such Ca-OH vibration appears [START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF]. For comparison, the IR spectrum of portlandite, collected from the RRUFF database [START_REF] Lafuente | The power of databases: the RRUFF project[END_REF], is reported in black.

In the range of OH stretching frequencies from 2600 to 4000 cm -1 , both spectra show a broad band at approximately 3400 cm -1 , which is presumably linked to the stretching contributions of both structurally incorporated OH groups and surface-adsorbed water

(Si-OH••••H 2 O
), as reported in the simulation results of Churakov et al. [START_REF] Churakov | Structure of the hydrogen bonds and silica defects in the tetrahedral double chain of xonotlite[END_REF]. The broadening of this band, if compared of that one of xonotlite at 3610 cm -1 , is related to hydrogen bonding with a wide range of strengths [START_REF] Mostafa | Hydrothermal synthesis and characterization of aluminium and sulfate substituted 1.1 nm tobermorites[END_REF]. Furthermore, a more intense peak attributed to adsorbed and interlayer water was observed in the tobermorite phase rather than in xonotlite.

It is interesting to highlight the similarity of our results for tobermorite synthesised in supercritical water with those reported by Monasterio et al. for the natural specimen [START_REF] Monasterio | Effect of chemical environment on the dynamics of water confined in calcium silicate minerals: Natural and synthetic tobermorite[END_REF].

In their work, the IR spectrum of synthetic tobermorite synthesised at 200 • C in 4 h was compared with that of a natural sample. Their results have shown a shift of the broad peak attributed to OH towards lower wavenumbers in the natural tobermorite mineral. That effect was related to the higher crystallinity of the natural structure, which results in lower OH bond strength [START_REF] Monasterio | Effect of chemical environment on the dynamics of water confined in calcium silicate minerals: Natural and synthetic tobermorite[END_REF]. The most intense and sharp signal, centred at 3610 cm -1 , is attributed to hydroxyl stretching bands of Ca-OH units in the mineral, similar to those of portlandite (Ca(OH) 2 ),

where the A 1g (OH) mode appears at 3618 cm -1 [START_REF] Garbev | Structural features of C-S-H(I) and its carbonation in air-A Raman spectroscopic study. Part I: fresh phases[END_REF][START_REF] Renaudin | A study of water releases in ground (GCC) and precipitated (PCC) calcium carbonates[END_REF]. At lower frequencies, the broad band centred at approximately 3500 cm -1 is assigned to OH stretching vibrations of surface-adsorbed water molecules [START_REF] Garbev | Structural features of C-S-H(I) and its carbonation in air-A Raman spectroscopic study. Part I: fresh phases[END_REF]. In contrast, the Raman spectrum of tobermorite in Figure 3.25 shows only one broad signal centred at approximately 3480 cm -1 . This band is attributed to water stretching vibrations and has a much greater intensity than that observed in xonotlite. As already suggested from FTIR spectroscopy, the Raman results confirm the absence of hydroxyls linked to the Ca-O sheets in the tobermorite structure.

These findings are in agreement with the results of several studies on natural minerals and confirm that both xonotlite and tobermorite prepared in SCW exhibit very close structural characteristics to those of their natural counterparts [START_REF] Garbev | Struktur, eigenschaften und quantitative rietveld analyse von hydrothermal kristallisierten calciumsilikathydraten (C-S-H phasen)-Structure, properties and quantitative rietveld analysis of hydrothermal, crystalline calcium silicate hydrates (C-S-H phases)[END_REF][START_REF] Garbev | Structural features of C-S-H(I) and its carbonation in air-A Raman spectroscopic study. Part I: fresh phases[END_REF].

The difference between the hydrogen bond networks in xonotlite and tobermorite were further investigated by 1 H SSNMR. In Figure 3.26 the xonotlite spectrum was deconvoluted into four signals (fitted curves) centred at 1.9, 2.3, 5.1 and 15.2 ppm, in agreement with the interpretation reported in the previous section 3.2.2. To our knowledge, any study that focuses on the local environment of hydrogen species in tobermorite structure, determined with 1 H SSNMR, is reported in the literature. Peak assignments and data analysis are a challenge due to the complexity of the structure and possible proton configurations multiplicity. In Figure 3.27, the 1 H MAS NMR spectrum of tobermorite formed in SCW exhibits two sharp peaks centred at 1.2 and 3.7 ppm and three broad shoulder signals at 2.2, 5 and 12.8 ppm. All these peaks are related to the presence of structural OH and molecular water, as well as interlayer water in tobermorite.

Despite the similarity of the xonotlite and tobermorite structures, the comparison between the 1 H MAS NMR spectra shows several differences. First, the slight shift towards higher values of the Si-OH signal in xonotlite (1.9 ppm) rather than in tobermorite (1.2 ppm). This experimental evidence could be explained by considering that hydroxyl groups with stronger hydrogen bonding exhibit larger chemical shifts than those with weaker hydrogen bonding [START_REF] Rosenberger | Investigations on the type of OH-groups in some crystalline silicates by high resolution NMRspectroscopy in solids[END_REF]. Thus, the downfield shift of the Si-OH bond peak in the tobermorite spectrum occurs mainly due to the decrease in the electronic charge of the hydrogen bonded proton.

This result is in accordance with previous studies on silica particles, which reported the observation of a peak at 1.1 ppm assigned to isolated (i.e., not hydrogen bonded) silanols at the SiO 2 surface [START_REF] Protsak | A 29 Si, 1 H, and 13 C solid-state NMR study on the surface species of various depolymerized organosiloxanes at silica surface[END_REF]. Therefore, the intense peak at 1.2 ppm was assigned to protons in structural and weakly bonded Si-OH groups.

On the other hand, the broad resonances at 2.2, 5.0 and 12.8 ppm can be related to protons linked to Ca-OH, water on hydrated surfaces and strongly hydrogen-bonded protons in Si-OH groups, respectively [START_REF] Méducin | Calcium silicate hydrates investigated by solid-state high resolution 1 H and 29 Si nuclear magnetic resonance[END_REF][START_REF] Brunet | Application of 29 Si homonuclear and 1 H-29 Si heteronuclear NMR correlation to structural studies of calcium silicate hydrates[END_REF][START_REF] Protsak | A 29 Si, 1 H, and 13 C solid-state NMR study on the surface species of various depolymerized organosiloxanes at silica surface[END_REF][START_REF] Liu | The fumed silica surface: A study by NMR[END_REF]. These findings are in accordance with 

Dynamic of nanoconfined water in xonotlite and tobermorite

One of the most useful techniques for investigating the structure and the dynamics of nanoconfined water is broadband dielectric spectroscopy due to its sensitivity to the high dipolar moment of water molecules. In this work, the measurements and the data analysis were carried out in collaboration with Guido Goracci, Postdoctoral researcher in the Ceramic and Cement-Based Materials group led by Jorge S. Dolado at CFM.

In the case of minerals with close distributions of hydrous species in the structure, such as xonotlite and tobermorite, water molecules and hydroxyl groups are expected to contribute to the dielectric signal similarly. However, BDS analysis, conducted on xonotlite for the first time in this work, revealed some specific and different properties between the two mineral structures that cannot be detected with other conventional techniques.

In Figure 3.29, the imaginary part of the tobermorite and xonotlite complex permittivity ( ) is shown at representative temperatures (100, 160 and 200 K). For complementary information, the real part of the complex permittivity ( ) of the minerals is shown at the same representative temperature in Appendix B. The solid lines represent the fits to the experimental data. The dashed lines represent the relaxation corresponding to processes 1, 2, and 3 [START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

The complex non-Debye dielectric behaviour of these nanominerals can be represented in terms of different distributed relaxation processes, in distinct temperature and frequency ranges, and labelled as P1, P2, and P3 in accordance to their appearance during the heating process. Starting from the low-temperature region, the tobermorite signal is characterised by a well-defined peak (P1), as shown in Figure 3.29(a). Contrarily, in Figure 3.29 (b) xonotlite shows two components at the same temperature, slower (P1S) and faster (P1F) than that observed in tobermorite. Upon increasing the temperature, a new weak process is observed in both samples (P2).

Finally, at higher temperatures, process P3 enters in the frequency range of the dielectric spectrometer, as shown in Figure 3.29(c) and 3.29(d). All the processes shift towards higher frequencies as the temperature increases, suggesting that the process is thermally activated. In addition, it can be observed, in Figure 3.29(c), that at lower frequencies, other contributions apart from P2 and P3 appear. The definitive origin of these relaxation processes is still unknown and could be the subject of future studies.

CORRELATION BETWEEN THE DYNAMICS OF CONFINED WATER AND THE LOCAL CHEMICAL ENVIRONMENTS IN XONOTLITE AND TOBERMORITE

To extract information on the relaxation times, the dielectric response can be described by using standard fit functions. In that case, as commonly done for confined water, the data were analysed in terms of Cole-Cole functions, Equation 2.20. Through this analysis, the Cole-Cole shape parameter was determined ranging between 0.4 and 0.6.

The temperature dependence of the extracted relaxation times for each dynamic observed in tobermorite and xonotlite is shown in Figure 3.30. All the processes exhibit an Arrhenius-type temperature dependence within the entire temperature range. The inset shows the fit for each P1 process, together with the calculated fit equations used to determine the τ 0 and E a values [START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

The linearisation of the Arrhenius law, Equation 2.23, allows plotting log τ versus the inverse temperature, 1/T, in a so-called Arrhenius plot. This form of the Arrhenius equation makes easier to determine the activation energy (E a ) and the pre-exponential factor (log τ 0 ) as the slope and y-intercept, respectively. The interpretation of these data provides information about the nature of the motions involved in relaxation processes. The value of τ 0 and E a determined for each process by fitting the experimental data with the Arrhenius function, are reported in Table 3.4.

Starting from the faster process, P1 is characterised by a low energy activation (between 0.12 and 0.18 eV) and a characteristic time τ 0 ∼ 10 -12 s typical of vibrational dynamics. A similar process was previously observed in the investigation of natural and synthetic tobermorite by Monasterio et al. [START_REF] Monasterio | On the dielectric properties of water confined in cement-like materials[END_REF][START_REF] Monasterio | Effect of chemical environment on the dynamics of water confined in calcium silicate minerals: Natural and synthetic tobermorite[END_REF]. In their work, this process was associated with the fast dynamics of water molecules in aluminium-rich zeolitic cavities. However, xonotlite does not have this kind of cavity, and therefore, such interpretation is not consistent with the results obtained in our work. Moreover, in this time and temperature range, a broad and weak contribution was found even in silica nanoparticles [START_REF] Cerveny | Dielectric study of hydration water in silica nanoparticles[END_REF] and other cementitious materials, synthetic C-S-H [START_REF] Cerveny | Effect of hydration on the dielectric properties of C-S-H gel[END_REF] and a cement matrix [START_REF] Goracci | Dynamics of nano-confined water in Portland cement -comparison with synthetic C-S-H gel and other silicate materials[END_REF]. In particular, in the latter systems, the origin of this contribution was associated with the rotational dynamics of hydroxyl groups. Considering that it is generally accepted that the C-S-H phase has a tobermoritelike structure, we suggest that process 1 is related to the dynamics of hydroxyl groups. The well-defined shape of this component can be attributed to the ordered distribution of OH groups on tobermorite layers, while the disordered environment in C-S-H gel is reflected in the broadening of process P1.

Table 3.4: Activation Energy, E a , and pre-exponential factor, log τ 0 , obtained from the Arrhenius equation applied to the data in Figure 3.29 [START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF]. To understand the differences observed in tobermorite and xonotlite, we must recall the 1 H SSNMR results. In the xonotlite spectrum, we observed a double peak related to two different populations of hydroxyl groups, Ca-OH and Si-OH, while in the tobermorite spectrum, a single peak was observed at a lower chemical shift associated with isolated silanol groups. Hence, the presence of two P1 processes in xonotlite can be related to the presence of two hydroxyl group populations with different chemical environments.

Material

Regarding process 2, the Arrhenius fitting procedure results suggest a different nature and origin of this process in tobermorite and xonotlite (Table 3.4). In fact, in tobermorite, these dynamics show energy activation and characteristic times similar to those of strongly bound water, as already observed in several dried or low-relative-humidity systems, such as titanate nanowires [START_REF] Haspel | Water-induced changes in the chargetransport dynamics of titanate nanowires[END_REF], zeolites [START_REF] Frunza | On the mobility of sodium ions and of confined liquid crystals in molecular sieves of faujasite type[END_REF][START_REF] Frunza | Rotational fluctuations of water inside the nanopores of SBA-type molecular sieves[END_REF][START_REF] Frunza | Relaxation processes of water confined to AIMCM-41 molecular sieves. Influence of the hydroxyl groups of the pore surface[END_REF], and silica nanoparticles (SNPs) [START_REF] Cerveny | Dielectric study of hydration water in silica nanoparticles[END_REF].

According to the 1 H SSNMR results, only tobermorite exhibits the characteristic peak related to hydrated hydroxyl groups. Therefore, we might expect a scenario similar to that studied by Cerveny et al. in SNPs dried at 373 K, and P2 can be associated with the dynamics of water molecules hydrating the silanol groups [START_REF] Cerveny | Dielectric study of hydration water in silica nanoparticles[END_REF]. On the other hand, in the xonotlite process, P2 has a lower activation energy and τ 0 ∼ 10 -9.3 s, suggesting the diffusional nature of this process. This different behaviour can be related to a distinct interaction between water molecules and the surface of the layer, as already observed by groups on the surface of SiO 2 affect the arrangement of water molecules on the surface [START_REF] Sulpizi | The silica-water interface: How the silanols determine the surface acidity and modulate the water properties[END_REF].

In particular, according to those authors, it is possible to have a "liquid-like" distribution of water molecules instead of the more ordered "ice-like" distribution. Since process 2 is normally associated with the presence of a tetrahedrally coordinated distribution of water molecules, the diffusive behaviour dynamics in xonotlite indicate the absence of such water coordination. We suggest that the presence of Ca-OH affects the distribution of hydroxyl groups on the surface of xonotlite, giving rise to a more disordered arrangement of water molecules, that is "liquid-like", where a diffusive dynamic appears to be more favourable than the typical vibration behaviour observed in tobermorite.

Finally, process P3 has similar activation energy and pre-exponential factors, suggesting that it originates from the same dynamic in both tobermorite and xonotlite. However, in xonotlite, the relaxation is faster than those in tobermorite. A process with values of τ 0 and relaxation times similar to those found in this work has been observed even in zeolites [START_REF] Frunza | On the mobility of sodium ions and of confined liquid crystals in molecular sieves of faujasite type[END_REF][START_REF] Frunza | Rotational fluctuations of water inside the nanopores of SBA-type molecular sieves[END_REF]. In these studies, such dynamics were related to the migration of cations in supercages. Furthermore, contributions from charge migration in the same frequency and temperature range have been observed in titanate nanowires [START_REF] Haspel | Water-induced changes in the chargetransport dynamics of titanate nanowires[END_REF] and CaFe-layered double hydroxide [START_REF] Bugris | Water types and their relaxation behavior in partially rehydrated CaFe-mixed binary oxide obtained from CaFe-layered double hydroxide in the 155-298 K temperature range[END_REF]. In this scenario, the faster dynamics observed in xonotlite could be explained by taking into account the higher amount of nonevaporable water detected through TGA measurements in the two specimens (Figure 3.28). The presence of higher nonevaporable water content enhances the cation mobility, resulting in a shift towards shorter relaxation times in xonotlite [START_REF] Jansen | Electrical properties of crystalline synthetic zeolites types X and Y, exchanged with monovalent cations[END_REF].

A schematic representation of the finding of this study is presented in Figure 3.31: the ordered "ice-like" solvation water found in the Si-OH-rich environments (tobermorite structure) is converted to a disordered "liquid-like" distribution in the Ca-OH-rich environment (xonotlite structure).

In this work, the hydrogen bond network and the dynamics of nanoconfined water in xonotlite and tobermorite have been thoroughly studied. We have shown that they are highly dependent on the interactions and confinement geometry, and are modified by different chemical environments. These findings allow us refining the picture of the dynamics of confined water and hydroxyl groups in calcium silicate hydrate systems, which can also be applied to other water-containing materials, with a significant impact in many fields of materials science. this work [START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

CONCLUSIONS AND PERSPECTIVES

Conclusions and perspectives

In this chapter, the hydrothermal flow synthesis of xonotlite and tobermorite were investigated, highlighting the effect of several experimental parameters.

The first technical challenge of this work was focused on the design and development of a suited, innovative, home-made user-customised set-up which allows the production of significant quantities of CSH particles, ∼ 2.9 g/h of xonotlite (at M = 0.1 mol/L and 7 s) and ∼ 1.4 g/h (at M = 0.05 mol/L and 8 s) of tobermorite. In this reactor, the synthesis of xonotlite and tobermorite occurred in only a few seconds, as a promising alternative to the very long conventional hydrothermal route which requires several hours, or even days.

The reactor prototype and the protocol developed in this work represent the first proof of the scale-up of a supercritical water-based methodology for synthesising CSH minerals. In this context, the new and fast synthesis route could be further implemented for a more effective production at the industrial scale.

For the synthesis of xonotlite, we have investigated the effect of temperature, pressure, and residence time. We have shown that, at high temperature (from 350 • C) to avoid forming a second phase (a calcium silicate, namely wollastonite) it is crucial to reduce the residence time down to 7 s and to increase the pressure up to 25 MPa. As we will show in chapter 4, the value of pressure (i.e. the value of water density) has an important impact on the dehydration process from xonotlite to wollastonite.

Regarding the synthesis of Al-tobermorite under supercritical conditions, we deeply studied the material's structure thanks to a combination of SSNMR, Raman and FTIR spectroscopies. In this work, the intrinsic mechanical properties of Al-tobermorite synthesised in supercritical water were investigated for the first time by HP-XRD. We have found that our material is characterised by a high polymerisation degree and shows a less defective structure and higher bulk modulus K 0 than what is commonly observed for other synthetic tobermorite. The study of the mechanical properties provides information for predicting the mineral's long-term behaviour, relevant in applications concerning the design of cement-based materials with Al-tobermorite.

Following this line, future work could be focused on the synthesis of other calcium silicate hydrate minerals with different Ca/Si ratios. It would be advisable to test different residence time and temperature values to determine the optimal synthesis conditions. Furthermore, it could be interesting to try various water density values, as that parameter could play an essential role in stabilising and forming the mineral phases.

One of the most critical objectives achieved from this work relies on the in-depth characterisation of hydrogen bond networks and nanoconfined water in these minerals. Despite the similarities in their stoichiometric layered structures, the chemical environments of xonotlite and tobermorite minerals are dominated by Ca-OH and Si-OH groups, respectively. Based on a combination of spectroscopic techniques such as Raman, FTIR, SSNMR and BDS, a refined picture of the dynamics of water in these materials was possible, allowing univocal assignments of each dielectric relaxation process to a specific structural origin.

The fastest relaxation dynamic (P1) found in the calcium silicate hydrate phases was previously hypothesised to arise from the hanging hydroxyl ions. Still, this work confirms this assignment by distinguishing the Ca-OH and Si-OH environments. Our results also reveal that the second fastest processes (P2) are intimately related to hydration/solvation water dynamics and that these processes are susceptible to local chemical environment.

In that respect, the ordered "ice-like" solvation water found in the Si-OH-rich environments of tobermorite transforms into a disordered "liquid-like" solvation water found in the Ca-OH-enriched environment of xonotlite. Finally, our experiments suggest that the slowest process (P3) is related to bulky nonevaporable water and coupled to ion mobilities.

Overall, this work might serve as a starting point for understanding the water dynamics in more complex calcium silicate hydrates, such as cementitious C-S-H gel, and provides a solid fundamental knowledge body for other water-containing materials.

In the previous chapters, the structure, the physicochemical properties, and the morphology of xonotlite and tobermorite synthesised via a supercritical hydrothermal flow synthesis were reported.

Afterwards, this chapter will be devoted to investigate the applications of these minerals in two different fields. The first one regards the use of xonotlite and tobermorite as nanoseeds for accelerating the hydration process of cement, to develop a denser and more resistant cement matrix. Two techniques were employed to follow the effect of CSH nanoparticle additions: calorimetry and X-ray computed microtomography. As we will show later, the use of crystalline CSH materials enhances the hydration rate by shortening the pre-induction and induction period, especially with xonotlite seeds.

The second part will be focused on the use of xonotlite as pristine material to produce upon dehydration a calcium silicate phase, wollastonite. After a brief introduction to the structure and properties of the mineral, the experimental results obtained in this work will be presented and discussed. The innovative synthesis methodology developed in this study makes accessible the production of wollastonite at a lower temperature (500 • C) than that reported in the literature so far (about 800 -1200 • C). The material exhibits a high crystalline structure, despite the temperature decreasing, and nanosized fibre-like morphology.

Xonotlite and tobermorite as nanoadditions in cement paste

Cement and concrete admixtures

In the last years the interest in admixtures, as an integral part of cement paste and concrete has increased. In particular, the use of specific nanomaterials allows to impart new functionality (i.e. photocatalytic or sensing capabilities) or to modify the hydration process, allowing at the same time to reduce the cement content without compromising the performance [START_REF] Sobolev | How nanotechnology can change the concrete world[END_REF][START_REF] Institute | Report on Application of Nanotechnology and Nanomaterials in Concrete[END_REF][START_REF] Monteiro | Advances in characterizing and understanding the microstructure of cementitious materials[END_REF]. Consequently, a significant number of studies has been developed to improve the knowledge of the chemical admixture technology.

Several classes of admixtures exist and can be identified depending on their utility and effect on the material. Among them, there are water-reducing, setting time-modifier, which are classified in retarding or accelerating admixtures, etc. An interesting category includes additions or chemical admixtures to accelerate the early hydration of cement.

These additions play a relevant role in precast structures where speeding up the hydration kinetics allows the removal of the mould, and to finalise the structure in shorter times, minimising the cost of construction. Additionally, accelerators are particularly suitable in a cold environment to avoid the risk of frost damage in the cement skeleton.

The most common accelerator admixtures are based on sodium chloride and calcium chloride [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF][START_REF] Fink | Petroleum Engineer's Guide to Oil Field Chemicals and Fluids[END_REF]. However, the chloride compounds can lead to the corrosion of the steel structure used for the construction. Consequently, other chemical admixtures have been developed, based mostly on sodium nitrate, calcium nitrate, aluminium oxide, aluminium sulfate, monoethanol-, diethanol-, and triethanol-amine [START_REF] Fink | Petroleum Engineer's Guide to Oil Field Chemicals and Fluids[END_REF]. Another type of admixtures based on silicate compounds, as silica gel and silica fume, has been investigated for accelerating purposes. Their effect relies on the depletion of Ca 2+ and OH -ion concentrations at the beginning of the hydration period, which in turn boost the formation of the hydrated product around the clinker particles [START_REF] Stein | Influence of silica on the hydration of 3CaO,SiO 2[END_REF][START_REF] Wu | The hydration of tricalcium silicate in the presence of colloidal silica[END_REF][START_REF] Kurdowski | Cement and Concrete Chemistry[END_REF].

In the framework of this research, we are particularly interested in accelerators compound based on calcium silicate hydrate particles, due to their high chemical compatibility with the cement paste. Previous studies have proposed that the effect of these materials rely on a seeding mechanism, acting as nucleation points that trigger the quick and autocatalytic formation of the main hydration product of cement, the C-S-H gel [START_REF] Alizadeh | Hydration of tricalcium silicate in the presence of synthetic calcium-silicate-hydrate[END_REF][START_REF] Thomas | Influence of nucleation seeding on the hydration mechanisms of tricalcium silicate and cement[END_REF][START_REF] Bost | Comparison of the accelerating effect of various additions on the early hydration of Portland cement[END_REF]. In the last years, the effect of semicrystalline C-S-H seeds on the nucleation and further growth of hydration product in cement paste has been widely studied by calorimetry analysis [START_REF] Li | Fibrillar calcium silicate hydrate seeds from hydrated tricalcium silicate lower cement demand[END_REF][START_REF] Monteiro | Advances in characterizing and understanding the microstructure of cementitious materials[END_REF][START_REF] Thomas | Influence of nucleation seeding on the hydration mechanisms of tricalcium silicate and cement[END_REF][START_REF] John | Nucleation seeding with calcium silicate hydrate -A review[END_REF][START_REF] Nicoleau | Oriented aggregation of calcium silicate hydrate platelets by the use of comb-like copolymers[END_REF][START_REF] Nocuń-Wczelik | Use of calorimetry and other methods in the studies of water reducers and set retarders interaction with hydrating cement paste[END_REF]. Contrarily to semicrystalline C-S-H, the use of crystalline calcium silicate hydrate nanominerals as seeds is rarely mentioned in the existing literature.

Thomas et al.
The most relevant studies on the investigation of xonotlite and tobermorite seeding effect were reported by Land et al. in 2015 [START_REF] Land | Controlling cement hydration with nanoparticles[END_REF] and Diez-Garcia in 2017 [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF]. While the first has shown the acceleration of the hydration process of white cement (type CEM I) by adding natural minerals, in the second one the effect of xonotlite and tobermorite synthesised under sub-and supercritical conditions was explored. In both cases, the seeding effect was studied through a calorimetric analysis to investigate the different heat exchanges in the cement pastes prepared with the two mineral phases. Although both xonotlite and tober-morite have shown an acceleration of the early hydration kinetic, the effect of xonotlite was much stronger. This effect has been explained by Land et al. by taking into account the different morphological properties of the two types of CSH particles. In fact, the diameter sizes and the specific surface areas were 0.42 µm and 280 mm 2 /g for xonotlite and 0.63 µm and 198 mm 2 /g for tobermorite, respectively [START_REF] Land | Controlling cement hydration with nanoparticles[END_REF].

Instead, in another study, it has been reported that semicrystalline C-S-H seeds with higher Ca content (Ca/Si = 2) exhibit a stronger nucleation and, thus, acceleration effect than seeds with lower Ca content (Ca/Si = 0.4) [START_REF] Land | The effect of synthesis conditions on the efficiency of C-S-H seeds to accelerate cement hydration[END_REF]. However, these materials were mixed with some impurities (portlandite and/or silica gel), which could also influence early hydration and result in a distorted evaluation of the real quantity of C-S-H additions. Consequently, the influence of the Ca/Si ratio of seeds on the cement hydration is still not fully elucidated.

From this brief introduction, it appears clear that it is important to continue investigating the effect of crystalline calcium silicate hydrate nanoparticles as seeds in cement paste to fill the gaps in knowledge. In this study, we have explored the role of CSH particles synthesised under supercritical conditions, namely xonotlite and tobermorite, as nanoseeds for accelerating the early age hydration of cement paste.

The results obtained through two techniques, calorimetry and µCT, will be presented in the next section.

Testing the seeding effect of the as-synthesised CSH minerals a) Calorimetric test

The calorimetry analysis allows the measurement of the heat released during the hydration process of cement over time. As described in chapter 1, during the first hours after the mixing with water, and after the induction period, the dependence of the heat flow evolution over time is linear and related to silicate hydration. The first exothermic peak is associated with the precipitation of the main hydration products, C-S-H gel and portlandite. Later, a second peak corresponds to the precipitation of ettringite and the

dissolution of C 3 A [32].
To evaluate the accelerating behaviour of xonotlite and tobermorite, the position of the heat flow maximum, t max (in hours), at the end of the acceleration period was determined [START_REF] Land | The effect of synthesis conditions on the efficiency of C-S-H seeds to accelerate cement hydration[END_REF]. A heat flow maximum which occurs earlier than in the reference sample can be defined as an acceleration of the cement hydration. The different reactivities of xonotlite and tobermorite were investigated by measuring both the rate of heat and the total amount of heat released in the early age hydration. To perform this analysis, cement pastes were prepared as reported in chapter 2, section 2.4.1. In Figure 4.2, the reference sample shows the longest pre-induction period, while an increasing in xonotlite dosage gradually accelerates that period. Furthermore, the induction period is essentially eliminated when 1 wt.% of xonotlite is added into the paste. This phenomenon is due to the larger number of available nuclei for the hydration product growth from time zero. Also, the seed addition promotes the faster calcium, hydroxyl and silicate species saturation, contributing to the achievement of the supersaturation state in the solution in a shorter period of time. In turn, this phenomenon leads to the earlier C-S-H precipitation, promoting the earlier starting of acceleration period compared to the case of the reference sample. In particular, the onset of C-S-H and portlandite formation from the silicate hydration appears after ∼ 70 and 80 min for the cement paste prepared with 0.5 wt.% and 1 wt.% of xonotlite addition, respectively. While the onset of the silicate hydration of cement paste used as reference occurs at ∼ 100 min. Figure 4.2 shows that the gain in heat flow after the induction period is much faster when the particle dosage is increased. The shoulder of silicate hydration occurs earlier in seeded cement pastes, at ∼ 4 h and ∼ 6.2 h with an addition of 0.5 and 1 wt.% respectively, if compared with the reference paste where it appears after ∼ 7.5 h. Although, the heat flow maximum related to silicate hydration increases significantly in both seeded pastes of ∼ 2.5% and ∼ 9.5% in respect to the unseeded sample. This phenomenon is related to the higher number of hydration product regions Additionally, the cement pastes prepared with xonotlite seeds have shown an acceleration of aluminate hydration. The peak related to this process for cement paste containing 1 wt.% of xonotlite is shifted to ∼ 2 h earlier and its height increased by 8% if compared with the calorimetric curve of the reference sample. That acceleration is related to an earlier calcium sulfoaluminate hydrate (AFt) depletion and might be due to stronger calcium and hydroxide ion flows when seeds are added, as previously proposed by Nicoleau [START_REF] Nicoleau | Oriented aggregation of calcium silicate hydrate platelets by the use of comb-like copolymers[END_REF].

It is worth mentioning that, despite this acceleration, the silicate peaks appear earlier than that of aluminate; contrarily, the over-accelerated hydration of aluminate would suppress that one of silicate, disturbing the strength gain of seeded cement at the early age [START_REF] Marchon | Impact of chemical admixtures on cement hydration[END_REF][START_REF] Li | Fibrillar calcium silicate hydrate seeds from hydrated tricalcium silicate lower cement demand[END_REF].

The total amount of heat released during the early nucleation and growth period, Figure 4.3, is more significant in seeded pastes. In fact, the xonotlite additions allow the hydration product to nucleate in the pore space between the particles reducing the capillary porosity, as reported in the model by Thomas et al. [START_REF] Thomas | Influence of nucleation seeding on the hydration mechanisms of tricalcium silicate and cement[END_REF]. In particular, the total generated heat during 48 h hydration of 0.5 wt.% and 1 wt.% seeded pastes were ∼ 3.5% and 11% higher than that of the reference, respectively. This result is promising if compared with that of other semicrystalline C-S-H seeds. In fact, Wang et al. have reported that the acceleration effect related to 1 wt.% of nanometric C-S-H particles (Ca/Si molar ratio = 1) was not sustained up to 48 h [START_REF] Wang | The acceleration mechanism of nano-C-S-H particles on OPC hydration[END_REF]. With this material, they observed the same total heat release in the reference and seeded pastes after The onset of the acceleration period is unaffected by the addition of 0.5 wt.% tobermorite particles, Figure 4.4. Instead, it occurs ∼ 30 min earlier when 1 wt.% seeds were added. Furthermore, the peak related to aluminate hydration for cement paste containing 1 wt.% of tobermorite shifted to ∼1.4 h earlier and the peak height increased by ∼ 6% if compared with the calorimetric curve of the reference sample. Total generated heat released at 48 h of hydration from 0.5 wt.% and 1 wt.% tobermorite seeded pastes, Figure 4.5, were ∼ 2% and 7% higher than that of the reference, respectively. These results are less performant comparing to those obtained using xonotlite seeds.

The acceleration effect observed in this work with only 1 wt.% of xonotlite and tobermorite particles is even higher than that reported by Diez-Garcia by using 5 wt.% of nanoparticles [START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF]. However, in that work, she also employed a certain amount of superplasticizer to improve the seeds dispersion and increase the workability of the paste. Considering the widely accepted retarding effect of superplasticizer, our study cannot be correlated to that one. On the other hand, Land et al. had reported an acceleration effect of the hydration process only when 4 wt.% or 10 wt.% of xonotlite were added [START_REF] Land | Controlling cement hydration with nanoparticles[END_REF]. The results were even more critical for tobermorite, and the seeds influence was observed only at very high dosage, 10 wt.%. In this sense, our materials seems to be more suitable for this application. However, one must be very careful when comparing relative acceleration of different studies, as it has been demonstrated that the efficiency of seeds also depends on the specific cement compositions [START_REF] Nicoleau | Oriented aggregation of calcium silicate hydrate platelets by the use of comb-like copolymers[END_REF]. Moreover, it is worth mentioning that the hydration process depends on several parameters as temperature and w/c ratio.

In the early stage hydration, the nanoparticles dispersed in cement paste play the role of nucleation sites, for the subsequent rapid formation of C-S-H gel. Because of their high specific surface areas, xonotlite and tobermorite seeds accelerate the hydration process, leading to the increase of hydration rate and heat released. The accelerating tendency observed with xonotlite and tobermorite is similar: the higher is the seed dosage (up to 1 wt.%), the more important is the accelerating effect. In particular, the performance of xonotlite seeds is stronger than that of tobermorite nanoparticles. The different behaviours of the two nanominerals might be explained by considering their different Ca/Si ratios. In this field, new analysis involving other crystalline CSH nanoparticles with different Ca/Si ratios could help to confirm this hypothesis.

In this work, the seeding effect of xonotlite and tobermorite has also been investigated 

b) X-ray computed microtomography analysis

Recently, X-ray computed microtomography has been used to investigate several phenomena which could occur in cementitious material as leaching [START_REF] Bossa | Micro-and nano-X-ray computed-tomography: A step forward in the characterization of the pore network of a leached cement paste[END_REF], alkali-silica reaction [START_REF] Hernández-Cruz | Fiber reinforced mortar affected by alkali-silica reaction: A study by synchrotron microtomography[END_REF], corrosion [START_REF] Itty | In situ 3D monitoring of corrosion on carbon steel and ferritic stainless steel embedded in cement paste[END_REF] and in situ crack evolution under loading [START_REF] Yang | In-situ X-ray computed tomography characterisation of 3D fracture evolution and image-based numerical homogenisation of concrete[END_REF]. Other studies have ex- Contrarily, regions of the sample with similar chemical compositions and densities have similar attenuation values, and thus, are not well differentiated in the reconstructed images.

Consequently, the differentiation between various hydration products is quite tricky, as well as the distinction between empty pores and cracks from those that are entirely or partially filled with fluid [START_REF] Monteiro | Advances in characterizing and understanding the microstructure of cementitious materials[END_REF].

In this work, we have used X-ray computed microtomography analysis to investigate the hydration of the reference and seeded cement pastes. The measurements were performed in collaboration with Ke Xu, Ph.D. student in the research group led by Paulo J. M.

Monteiro at the University of California, Berkeley. As for the calorimetric test, the cement pastes were prepared with w/c = 0.5 and and 1 wt.% of xonotlite or tobermorite seeds.

Based on the calorimetry results, the X-ray computed microtomography measurements have been performed at two different hydration times: 7 and 36 h. In this way, the first analysis allows investigating the effect of xonotlite and tobermorite on the acceleration of the silicate hydration with respect to the reference sample. On the other hand, the second measurement allows establishing if the acceleration effect is sustained up to longer hydration times. During the X-ray computed microtomography experiment, a tomogram with dimensions of 2560*2560*4320 voxels 3 (32-bit, 56.7 GB) was reconstructed for each sample.

Before going into the results, a description of the tomographic data processing pipeline will be presented in the following. The procedure to obtain an accurate µCT image analysis consists of two main parts: the computer vision and the statistical analysis [START_REF] Xu | Microstructure and water absorption of ancient concrete from Pompeii: An integrated synchrotron microtomography and neutron radiography characterization[END_REF].

A schematic representation of the tomographic data processing is reported in Figure 4.7.

First, image preprocessing was performed to improve image quality and accelerate computation using the software Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. This procedure involves the following steps: (i) converting the slice images from 32-bit to 8-bit to accelerate the computation and data storage, (ii) removing the overlap (the last 8 and the first 7 images of the two acquired stacks) of images between image stacks, (iii) adjusting the brightness, (iv) re-scaling the reconstructed µCT stack to 1280*1280*2160 voxels 3 to accelerate the computation and save storage (v) eliminating noise and artefacts with a 3D bilateral filter [START_REF] Ushizima | Statistical segmentation and porosity quantification of 3D X-ray microtomography[END_REF], and (vi) improving the contrast between different phases through a saturated pixel of 0.35. After the image preprocessing, the most important procedure to perform a quantitative analysis on µCT data is the image segmentation. The segmentation procedure is implemented to separate images into distinct phases, and distinguishing between hydrated and unhydrated products in the cement paste.

Global Moment-preserving grey value threshold method [START_REF] Tsai | Moment-preserving thresolding: A new approach[END_REF] was utilised to segment the unhydrated cement from the hydrated products in µCT images. Through this process the selected phases can be extracted from the background by a simple operation that compares image grey values with a threshold value. In the segmentation process, pores and cracks were included in the hydrated phase. This procedure was implemented with Fiji. Afterwards, quantification analysis were conducted based on the segmented images of unhydrated and hydrated phases to characterise the volume ratio of unhydrated cement and the mean diameter of unhydrated cement particles, as commonly done in other previous studies [START_REF] Li | Fibrillar calcium silicate hydrate seeds from hydrated tricalcium silicate lower cement demand[END_REF][START_REF] Xu | Microstructure and water absorption of ancient concrete from Pompeii: An integrated synchrotron microtomography and neutron radiography characterization[END_REF][START_REF] Ushizima | Materials data science for microstructural characterization of archaeological concrete[END_REF][START_REF] Li | Effect of polycarboxylate ether on the expansion of ye'elimite hydration in the presence of anhydrite[END_REF]. The visualisation of the reconstructed 3D µCT images and segmented images was performed with the software Tomviz [START_REF] Levin | Tutorial on the visualization of volumetric data using tomviz[END_REF]. The acceleration effect of xonotlite on cement hydration, already observed by calorimetry analysis, was further confirmed by X-ray computed microtomography. In The accelerated kinetic of cement hydration induced by seed addition was further in- vestigated by analysing the evolution and depletion of the unhydrated phase over time. In Table 4.1, the values of total unhydrated volume and mean radius related to unhydrated particles for reference and seeded pastes are reported. These comparisons show that at the same hydration age, 7 h, the seeded pastes exhibit a lower content of unreacted particles.

Such particles also have smaller mean radius than those in the reference sample. As a consequence, it can be stated that the seeds addition influences the early hydration kinetics, and specifically, this effect is stronger for xonotlite particles. Studying the hydration effect over time, we have observed that the seeds sustain the acceleration effect up to 36 h, as previously detected through calorimetric measurements.

In fact, at that age of hydration, Table 4.2, the seeded pastes exhibit a lower volume of unhydrated phase, confirming the earlier depletion of unhydrated particles to form the hydrated products. Total unhydrated Mean radius of unhydrated volume (µm 3 ) particles (µm)

Reference ∼ 1.9 • 10 9 ∼ 3.6 1 wt.% Tobermorite ∼ 1.7 • 10 9 ∼ 2.5 1 wt.% Xonotlite ∼ 1.6 • 10 9 ∼ 2
In Figure 4.9, the distribution of the mean radius of unhydrated particles determined for reference and seeded cement pastes at different hydration stages, 7 and 36 h, is reported.

From this comparison, it appears clear that in seeded pastes are present more smaller unhydrated particles that in the case of the reference specimen. To conclude, the differences between the mean diameters of unhydrated particles in the reference sample and the seeded pastes are ∼ 4 µm (when 1 wt.% of xonotlite is added) and ∼ 3.6µm (when 1 wt.% of tobermorite is added) after 7 h. At 36 h of hydration, these differences between diameters decrease down to ∼ 3.2 µm (when 1 wt.% of xonotlite is added) and ∼ 2.2µm (when 1 wt.% of tobermorite is added). It is worth mentioning that the spatial resolution in measuring the diameters of unhydrated particles is 1.3 µm/pixel.

In these experiments, the main factors that can cause errors in the results are: (i) the limitation of the µCT resolution, and (ii) the image segmentation procedure.

In this first part of the chapter, the seeding effect of xonotlite and tobermorite to accelerate the early stage hydration of cement was investigated. The results have shown the higher performance of xonotlite rather than tobermorite, in agreement with the study previously reported by Land et al. which correlated the more significant seeding effect of xonotlite to its higher specific surface area and Ca/Si ratio [START_REF] Land | Controlling cement hydration with nanoparticles[END_REF][START_REF] Land | The effect of synthesis conditions on the efficiency of C-S-H seeds to accelerate cement hydration[END_REF]. However, as above discussed, in their study, the presence of some impurities could distort the evaluation of the results. In this context, our work represents an important contribution to the lack of studies related to the use of crystalline CSH minerals, to better understand their seeding effect and the role of Ca/Si ratio.

In the second part of the chapter, the use of xonotlite in another application field will be investigated. In particular, that hydrated mineral phase was employed as starting material for producing, upon dehydration, a calcium silicate namely wollastonite.

The most relevant aspects of the synthesis will be presented, together with an indepth structural characterisation of the produced dehydrated phase.

Synthesis of calcium silicate materials upon dehydration

Wollastonite: structure and properties of this versatile mineral

Wollastonite is a calcium inosilicate with the chemical composition CaSiO 3 . In nature, it forms when minerals as dolomite or limestone are subjected to high pressure and temperature in the presence of silica-bearing fluids, as in skarns, or in contact with metamorphic rocks [START_REF] Withley | Magmatic and metasomatic effects of magma-carbonate interaction recorded in calc-silicate xenoliths from Merapi volcano (Indonesia)[END_REF]. It was named wollastonite in 1818 by J. Léman in honor of the English chemist and mineralogist William Hyde Wollaston. In this cyclosilicate structure, Si These polytypes are distinguished by the symbols nT ot nM, where T and M refer to the structure symmetry, triclinic or monoclinic, respectively, whereas n identifies the number of subcells in the unit cell with d subcell (100) = 7.7 Å. Thus, wollastonite-1T is a one-slab polytype, as shown in Figure 4.11(a), whereas the monoclinic wollastonite-2M [START_REF] Henmi | 7T wollastonite from Fuka, Okayama prefecture[END_REF][START_REF] Henmi | The 3T, 4T and 5T polytypes of wollastonite from Kushiro, Hiroshima Prefecture, Japan[END_REF]. The monoclinic polytype wollastonite-2M is commonly known as parawollastonite, and its structure was firstly solved by Tolliday [START_REF] Tolliday | Crystal structure of β-wollastonite[END_REF], and successively by Trojer [START_REF] Trojer | The crystal structure of parawollastonite[END_REF] and Hesse [START_REF] Hesse | Refinement of the crystal structure of wollastonite-2M (parawollastonite)[END_REF]. In these studies, the structure of parawollastonite was described as monoclinic with space group P2 1 /a, where reflections hkl with 2h + k = 4n + 2 were found to be very weak or sometimes absent [START_REF] Tolliday | Crystal structure of β-wollastonite[END_REF][START_REF] Trojer | The crystal structure of parawollastonite[END_REF].

Wollastonite has attracted considerable interest as a versatile and suitable material for a wide range of industrial applications. Firstly, it has a Mohs hardness of about 4.5 -5.5

(as an example, talc has a hardness of about 1 and diamond of 10 on the Mohs scale) [START_REF] Buschow | Ceramic Crystals and Polycrystals, Hardness of Encyclopedia of Materials: Science and Technology[END_REF].

Also, due to its acicular or needle-like morphology, this mineral is used as a key material for mechanical reinforcement in products as plastics, ceramics, and concrete. Furthermore, this mineral is mostly inert and stable to about 1150 • C, and thus is an appropriate material for thermal insulation and fire retardant coating applications. The low thermal conductivity makes wollastonite a useful material for the metallurgy industry, where a good insulator is needed in the mould for continuous casting metals. Wollastonite is, also, widely used in the paint industry for several reasons. First, it acts as a pH buffer and thus represents an optimal candidate for stabilising the acidity and reduces the breakdown of polyvinyl acetate in paints. Second, it reduces pigment consumption being used as a 50% filling pigment. Furthermore, it has been shown that acicular wollastonite can reinforce, and improve the cohesive strength and the durability of paints and coatings. Wollastonite also exhibits good bioactivity and biocompatibility, and consequently since the 90s, the use of this material has been investigated in biomedical applications for artificial bones and dental roots [START_REF] De Aza | Morphological studies of pseudowollastonite for biomedical application[END_REF][START_REF] De Aza | Bioeutectic: a new ceramic material for human bone replacement[END_REF][START_REF] Liu | Mechanism of apatite formation on wollastonite coatings in simulated body fluids[END_REF]. The chemical properties of wollastonite make it an interesting mineral in the treatment of water via heavy metal remediation, phosphorus adsorption and pH balancing. Other uses include mineralogical carbon dioxide sequestration, where the transformation of wollastonite in calcite is exploited [START_REF] Min | Wollastonite carbonation in water-bearing supercritical CO 2 : effects of particle size[END_REF].

Thanks to all the above cited properties, this mineral is gaining increased importance in the industrial sector worldwide. The global reserve of natural wollastonite in 2016 was estimated to exceed 100 million tons, with the largest deposits placed in China, India, Mexico, the United States and Finland. However, many of them have not been yet explored precluding an accurate estimation [START_REF] Curry | Mineral Commodity Summaries[END_REF]. The estimated world production of crude wollastonite in 2016 ranged from 700,000 to 720,000 tons [252]. That year, major producers of wollastonite were China (425,000 tons), India (185,000 tons), Mexico (67,000 tons) and Finland (16,000 tons) [252]. In 2018 and 2019 the worldwide mine production of wollas-tonite accounted for 1,100,000 and 1,200,000 tons, respectively [START_REF] Curry | Mineral Commodity Summaries[END_REF]. In particular, China has more than doubled its wollastonite mine production in 3 years with 890,000 tons registered in 2019 [START_REF] Curry | Mineral Commodity Summaries[END_REF]. Wollastonite powder market is currently valued at US$ 361 million and is expected to further increase to revenue of ∼ US$ 821 million in the next 10 years [253].

In the literature, different methods for the synthesis of wollastonite are reported, as sol-gel [START_REF] Wang | Synthesis and microwave dielectric properties of CaSiO 3 nanopowder by the sol-gel process[END_REF], hydrothermal method [START_REF] Chen | Green synthesis of calcium silicate bioceramic powders[END_REF], and solid-state reaction (SSR) [START_REF] Vakalova | Solid-phase synthesis of wollastonite in natural and technogenic siliceous stock mixtures with varying levels of calcium carbonate component[END_REF]. As we will briefly describe in the following, the common points to all these techniques are (i) the multi-steps and lengthy procedures involved, and (ii) the high calcination temperature, around 1000 -1200 • C if Ca-and Si-sources are used as starting materials.

The experimental procedure to prepare CaSiO 3 nanoparticles via sol-gel method, as reported by Wang et al. includes the mix of calcium nitrate, dissolved in a solution of DI water and ethanol, with a solution of tetraethyl orthosilicate (TEOS) in ethanol [START_REF] Wang | Synthesis and microwave dielectric properties of CaSiO 3 nanopowder by the sol-gel process[END_REF].

The solution was then subjected to stirring for 2 h at room temperature, and an appropriate amount of HNO 3 , CH 3 COOH, H 2 O and PEG2000 was slowly added into it, until a transparent green sol was formed. Afterwards, the sol was heated up to 60 • C to produce a transparent gel. The as-obtained material was further dried at 90 • C for 24 h to transform it in a dried gel, and lastly it was calcined at 1000 • C for 1 h. This procedure allows producing β-CaSiO 3 particles, however larnite (Ca 2 SiO 4 ), SiO 2 and pseudowollastonite were also formed as minor phases. On the contrary, when the calcination was performed at 1150 • C, α-wollastonite was formed as principal phase.

In the industrial processes, β-wollastonite is usually prepared by SSR at high calcination temperatures over 1000 -1200 • C [START_REF] Serghiou | Pressure-induced amorphization of wollastonite (CaSiO 3 ) at room temperature[END_REF][START_REF] Rashid | In-vitro bioactivity of wollastonite materials derived from limestone and silica sand[END_REF]. For this procedure, Si-sources (silica stone, etc.) and Ca-sources (quicklime, limestone, calcium carbonate, etc.) are commonly employed. The process in which calcium carbonate is used as precursor usually requires the preliminary CaCO 3 calcination for several hours (temperature up to 1000 • C) to obtain calcium oxide. Moreover, the SSR methodology results in the production of wollastonite in the form of big grains due to high calcination temperature and long dwell time.

A method which allows reducing both time and temperature of the heating treatment is the microwave-assisted solid-state reaction [START_REF] Vichaphund | Microwave synthesis of wollastonite powder from eggshells[END_REF]. In that case, the starting material is heated through the interaction with microwave energy, which is much faster than the slow convection heating in a conventional furnace. In the study reported by Vichaphund et al. a pre-synthesis procedure includes the mixing of precursor materials, eggshell powder and silica, in a conventional ball mill for 5 h, followed by a drying process at 100 • C for 24 h [START_REF] Vichaphund | Microwave synthesis of wollastonite powder from eggshells[END_REF]. Afterwards, the mixture was placed in a microwave chamber and heated at 1100 • C for 10 min. Their results have shown that this faster methodology gives rise to the formation of α-wollastonite at lower temperature, if compared to the conventional SSR in a furnace which requires, by using the same precursors, 1100 • C and 1250 • C for the formation of β-wollastonite in 10 min and α-wollastonite in 1 h, respectively.

The first attempt in producing nanosized β-wollastonite powders at temperature lower than 1000 • C has been reported by Li et al. [START_REF] Li | Synthesis of wollastonite single crystal nanowires by a novel hydrothermal route[END_REF]. In their study, firstly the hydrothermal synthesis of xonotlite nanowires (50 -100 nm in diameter) was performed by employing tetraethyl orthosilicate, and Ca(OH) 2 as precursors, and cetyltrimethylammonium bromide (CTAB) as a template. Consequently, wollastonite nanowires were obtained by a calcination process of xonotlite nanoparticles at 800 • C for 2 h in an oven [START_REF] Li | Synthesis of wollastonite single crystal nanowires by a novel hydrothermal route[END_REF]. The disadvantages of this methodology rely on the use of both large amounts of template and organic precursor, and high temperature. Successively, another study reported the production of β-wollastonite through the calcination of xonotlite at 800 • C for 2 h [START_REF] Lin | A simple method to synthesize single-crystalline β-wollastonite nanowires[END_REF]. In that work, xonotlite was previously obtained through a hydrothermal treatment at 200 • C for 24 h.

In our study, a methodology that gets accessible the production of β-CaSiO 3 nanofibres at lower temperature was developed. In this field, our work might serve as a starting point to the large-scale production of β-wollastonite nanofibres through a facile and more profitable water-based hydrothermal route without employing any organic solvents or template. At low temperature, below 245 • C, the weight loss related to the removal of physisorbed water accounts for 2.4%. Whereas, within 245 and 580 • C a weight loss equal to 1.5% can be attributed to both dehydroxylation and evaporation of strongly bound water. As the temperature increases, the dehydration process begins due to the loss of structural hydroxyl groups [START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF]. Regarding the weight loss around 680 • C, Vakifahmetoglu correlated it to further dehydration and formation of an intermediate structure before the complete conversion into calcium silicate [START_REF] Vakifahmetoglu | Zeolite decorated highly porous acicular calcium silicate ceramics[END_REF]. Instead, in other studies a peak around 650 • C has been linked to the releasing of CO 2 from the decomposition of CaCO 3 impurities [START_REF] Tränkle | Conventional and microwave assisted hydrothermal syntheses of 11 Ȧ tobermorite[END_REF][START_REF] Rodriguez | Thermal stability of C-S-H phases and applicability of Richardson and Groves' and Richardson C-(A)-S-H(I) models to synthetic C-S-H[END_REF].

Dehydration of xonotlite

In our study, thanks to a thermogravimetric analysis coupled with mass spectrometry, this weight loss which accounted for 0.4% was associated also to CO In a preliminary stage, variable temperature experiments were carried out (under N 2 atmosphere) heating different batches of the same sample at: 700, 800, and 900 • C for 1 h.

The diffraction patterns were collected in the angular range 10 -90 • (2θ) by using Co K α (λ = 1.789 Å). As shown in Figure 4.13(a), the pattern of the pristine material exhibits the typical principal diffraction peak of xonotlite at 33.78 • (2θ) related to (320) reflection.

When heating the sample at 700 • C for 1 h, the main characteristic peak of wollastonite appears at 34.83 • (2θ), Figure 4.13 (b). Under these conditions, the obtained material contains a mix of both xonotlite and wollastonite phases. Instead, when xonotlite sample is subjected to a heating ramp of 1 h at 800 • C, Figure 4.13(c), the complete conversion of xonotlite in wollastonite occurs, in agreement with the results reported in the literature [START_REF] Lin | A simple method to synthesize single-crystalline β-wollastonite nanowires[END_REF][START_REF] Li | Synthesis of wollastonite single crystal nanowires by a novel hydrothermal route[END_REF]. Figure 4. 13(d) shows that by annealing xonotlite at a higher temperature, 900 • C, the peaks broadening decreases and the peaks sharpness increases, denoting higher material crystallinity.

The deep investigation through TGA-MS and in situ HT-PXRD of the thermal properties of xonotlite provides important information on the transformation process into wollastonite. The phase changing takes place under high temperature treatment, at least 800 • C for 1 h.

To lead the dehydration process and the resultant β-wollastonite production at a lower temperature, optimising the operating parameters is crucial. As we will show later, in the hydrothermal treatment developed in this work, we investigated the role of water molecules activity by controlling the dehydration pressure values.

A novel hydrothermal-based dehydration

Previous studies on the formation of dehydrated phases via a hydrothermal synthesis have highlighted the crucial role of water density. Noguchi et al. stated that the dehydration of γ-AlOOH to form the γ-Al 2 O 3 phase is promoted by the decreasing of the water density from 357 down to 251 kg/m 3 [START_REF] Noguchi | Rapid synthesis of γ-Al 2 O 3 nanoparticles in supercritical water by continuous hydrothermal flow reaction system[END_REF]. With this in mind, we have investigated the effect of water density on the dehydration of a different chemical system, the calcium silicate hydrate. We believe that the role of that parameter in this process is actually related to the effect of the water activity: for an optimal value of pressure, the correspondent water activity can enhance the dehydration.

Different hydrothermal dehydration experiments were performed at 500 • C for 1 h, at different pressure values according to the variation of water density values, as shown in In the following sections, the fundamental aspects of hydrothermal dehydration, the setup and the developed experimental protocol used in this work for wollastonite production will be illustrated.

The working principle of a hydrothermal batch reactor is based on the phenomena for which the increasing of the temperature autogenously generates the pressure of a liquid medium in a hermetically closed vessel. The fluid contained in the tank tends to expand upon heating and, since the volume of the system is fixed, the thermal expansion leads to an increase of pressure. Consequently, the pressure of a fluid in a fixed volume and at a given temperature is defined by the tank volume, and by the quantity of solvent loaded inside the tank. From an experimental point of view, the weight of solvent, m, to load in the vessel to reach the desired value of pressure, p, at the chosen temperature T is calculated according to:

m = V r • ρ(p, T ) (4.1)
where the volume of the batch reactor, V r , expressed in mL, is a well-known parameter.

The value of solvent density at a given pressure and temperature, ρ(p,T ), expressed in g/mL, was identified on the NIST database [START_REF]Nist chemistry webbook[END_REF].

The supercritical batch reactor employed in this work was designed and installed at ICMCB. It consists of a 50 mL Inconel reaction vessel with hermetic nut-closing. For an adequate hermetic closing, the closing system was equipped with a silver o-ring. The maximum values of temperature and pressure supported by the batch reactor are 500 • C and 30 MPa, respectively. In this system, the tank was opened and discharged from the bottom, as shown in Figure 4.15. The cylindrical reactor vessel was embedded in a jacketed ceramic band heater. The increasing of the temperature occurs through the thermal conduction between the heating element and the external walls of the reactor. The ceramic band heater is connected through a thermocouple to an Eurotherm temperature controller (Model 3216 R ). As in the supercritical continuous reactor, the Eurotherm controller supplies electrical power to a resistive wire, heated due to the Joule effect. The ceramic elements, having excellent thermal conduction, transfer efficiently the produced heat to the external walls of the reactor.

During experiment, the entire system was covered with glass wool and enclosed in a thermally insulated container to minimise the heat losses. For a total control on the temperature, an additional thermocouple in contact with the bottom walls of the reactor was employed. A manometer was used to monitor the evolution of the pressure during the heating. Furthermore, to ensure safety, a rupture disk designed to blow off in case of a pressure exceed up to the limit value of 30 MPa, was added to the set-up. A purge valve (maximum operating temperature and pressure, 170 • C and 100 MPa, supplied by Top industrie R ) was also installed to allow the evacuation of an eventual overpressure.

The total volume of the system was determined to be 208 ± 12 mL by performing six blank experiments. Afterwards, the reactor was isolated with glass wool and subsequently heated up to the designated temperature value. The synthesis was considered started only once the system reached the target values of temperature and pressure. During all the synthesis time, the pressure was controlled with the manometer to ensure that there were no leaks and that the operating parameters were maintained constant. Different pressures and synthesis times were tested to study their effect on the dehydration process. At the end of the synthesis, the heating system was turned-off to let the reactor cooling down to room temperature.

Furthermore, to make the cooling process faster, the isolation elements and the jacketed band heater were removed. Lastly, the system was opened, and the reaction product was collected.

Proof of concept

As described above, the water density, which in turn affects the water molecules activity, plays an important role in the dehydration process. The decreasing of the solvent density from an experimental point of view implies an increase of the temperature or a decrease of the pressure. To make the proof of concept, we have decided to play mainly with the pressure values, keeping the temperature as low as possible. A detailed summary of the most significant experiments is shown in Table 4.3. Behind the important role of pressure and temperature in controlling the transformation of xonotlite into wollastonite, another parameter to be considered is the time synthesis. As we will show later, for the optimal operating parameters, p and T , two synthesis times were tested: 1 and 2 h. For comparison, we have also analysed the dehydration of xonotlite at the same temperature of the water-based dehydration, 500 

SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATION

This experiment represents the proof that the presence of water as solvent in the hydrothermal treatment plays a fundamental role in the dehydration process.

After demonstrating the proof of concept, Le Bail fittings (Profile Matching) and Rietveld refinements were performed using the experimental PXRD patterns in Figure 4.17, to distinguish and quantify the major, minor, and trace compounds present in the samples. The Profile Matching is the first step of a global profile refinement, where only space group and unit cell parameters are considered for each phase. Instead, the Rietveld refinement includes the structure factors calculation for the crystal structure refinement to obtain quantitative analysis of a multiple-phases sample. This analysis was carried out in collaboration with Stanislav Pechev, Researcher Engineer at ICMCB, using the software FullProf [START_REF] Rodríguez-Carvajal | Fullprof: A program for rietveld refinement and pattern matching analysis[END_REF].

In the case of β-wollastonite, the structures of its polytypes are very close, resulting in a not easily distinguishable PXRD patterns. The simulations of the X-ray diffraction patterns of both triclinic and monoclinic wollastonite were performed using the CIF files with the reference structures, collected from the ICSD database [START_REF]NIST Inorganic Crystal Structure Database, NIST Standard Reference Database Number 3[END_REF]. A Profile Matching was first carried out to correctly assign the totality of the diffraction pattern peaks to a specific mineral phase and identify all phases present in the samples.

Afterwards, the Rietveld refinement was performed to have information on the phases fraction (in wt.%). However, the analysis conducted should be considered semi-quantitative due to the following reasons.

First, in samples where up to 5 different phases (xonotlite, wollastonite and the three polymorphs of CaCO 3 ) were distinguished, the PXRD patterns were affected by a severe overlap of rather broad peaks coming from a small crystal sized powder. In these cases, there were not enough independent peaks for each phase (without the overlapping of other phase peaks) to refine with high accuracy.

Second, the material "trasparency", related to the preparation of the sample for PXRD experiments in reflection geometry, gives biased integrated intensities and compromises a good final Rietveld refinement. In the following part, the results obtained from the Profile Matching and Rietveld refinements for the samples synthesised at different pressure values [START_REF] Ulrik Nilsen | Concrete: A three phase material[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF], and 2 MPa) will be presented.

a) Water-based dehydration at p = 16 MPa

As already observed in Figure 4.17, the sample P16 synthesised at high pressure, [START_REF] Ulrik Nilsen | Concrete: A three phase material[END_REF] MPa, was constituted by a mix of xonotlite and wollastonite, indicating that the phase transition was not completed.

In addition to these two minerals, the three polymorphs of CaCO 3 (vaterite, aragonite, and calcite) were also identified. As shown in Figure 4.20, the Bail fit has confirmed the presence of the five phases. Another crucial information gathered from the Profile Matching refinement regards the wollastonite polytype, which was identified as the monoclinic one (space group P2 1 /a).

The subsequent Rietveld refinement confirmed the partial transformation of xonotlite into wollastonite, as indicated by the increasing intensity of the characteristic main peak, (320), of β-CaSiO 3 .

The result of the analysis has suggested that xonotlite and wollastonite account approximately for 36 ± 1 wt.% and 42 ± 1 wt.%, respectively. Furthermore, CaCO 3 polymorph amounts were estimated being: 11 ± 1 wt.% of aragonite, 10 ± 1 wt.% of vaterite, and 1 ± 1 wt.% of calcite. The complete transformation of xonotlite is confirmed by the absence of its characteristic diffraction peaks (001), (400), ( 401) and ( 321). The obtained results have revealed the presence of 99.5 ± 0.5 wt.% of wollastonite and 0.5 ± 0.1 wt.% of calcite. To determine the accuracy of the Rietveld analysis, three parameters should be considered: the R wp -factor, the Bragg-R factor and the χ 2 . The first one follows directly from the weighted sum of squared differences between the measured and calculated intensity, giving information of the precision of the global profile. Instead, the Bragg-R factor expresses the coherence of the structural model. Finally, the χ 2 estimates the goodness of the fit.

The structure of wollastonite was refined to Bragg-R factor = 3.1% and R wp -factor = 9.9% using 1212 unique reflections, while the χ 2 was 5.9. The refined unit cell parameters of wollastonite-2M are presented in Table 4.4. At the beginning of this section, we highlighted, based on results reported in the literature for hydrothermal dehydration, the potential importance of decreasing the water density to improve the conversion yield [START_REF] Noguchi | Rapid synthesis of γ-Al 2 O 3 nanoparticles in supercritical water by continuous hydrothermal flow reaction system[END_REF]. Consequently, in our study, we decided to decrease the pressure further down to 2 MPa and study its effect on the phase transition.

The sample synthesised at 2 MPa The monoclinic polytype is considered to be the higher temperature polytype if compared to the triclinic one [START_REF] Mazzucato | Wollastonite polytypes in the CaO-SiO 2 system[END_REF][START_REF] Henmi | The 3T, 4T and 5T polytypes of wollastonite from Kushiro, Hiroshima Prefecture, Japan[END_REF]. However, in this study, the samples P16 and P2

were synthesised at the same temperature, indicating that the pressure also plays an important role in forming one polytype or the other. Second important information on the dehydration process can be gathered from the semi-quantitative evaluation of the phases fraction of wollastonite and xonotlite. We did not succeed to reach really high-quality final Rietveld refinement as demonstrated from the R wp -factor value equal to 20.2%. However, the estimated weight fractions of the different phases are close to ∼ 34% for β-wollastonite (Bragg-R factor = 6.1%) and ∼ 58% for unreacted xonotlite (Bragg-R factor = 9.6%). As for sample P16, small traces of aragonite (∼ 1%), calcite (∼ 1%), and vaterite (∼ 6%) were also found. As a conclusion, it can be stated that under these conditions (2 MPa and 500 • C), wollastonite-1T was formed instead of wollastonite-2M, and also the conversion yield was lower than at 16 MPa.

SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATION

To conclude, we have developed an innovative low temperature manufacturing route to synthesise wollastonite. For the xonotlite-wollastonite system, the results have shown that an enhanced dehydration effect is observed when decreasing the pressure from 16 down to 8 MPa. In contrast, when falling below this value, down to 2 MPa, the dehydration treatment is less effective. In the next section, we propose a twosteps model to explain these findings.

Proposed mechanism for the hydrothermal synthesis of wollastonite

We suggest that the low temperature phase transition could take place in two steps:

1. Dehydroxylation:

Thermal characterisation of xonotlite (ideal stoichiometric formula:

Ca 6 Si 6 O 17 (OH) 2 )
through TGA-MS has shown that dehydroxylation occurs at around 500 • C. Consequently, the hydrothermal synthesis at 500 • C involves the formation of H + and OH - groups.

Dehydration:

The as-formed H + and OH -groups, due to the low degree of ionisation of the medium under these hydrothermal conditions, must form a molecule of water and exit from the xonotlite structure. The lower is the ionic product of the medium, the more efficient is the process. To better understand this concept, we must recall Equation 1.5 which define the dissociation equilibrium of water as [START_REF] Arcis | The Ionization Constant of Water at Elevated Temperatures and Pressures: New Data from Direct Conductivity Measurements and Revised Formulations from T = 273 K to 674 K and p = 0.1 MPa to 31 MPa[END_REF]:

H 2 O H + + OH - K w = [H + ] [OH -]
The ion product K w can be expressed as a function of the water activity a w [START_REF] Arcis | The Ionization Constant of Water at Elevated Temperatures and Pressures: New Data from Direct Conductivity Measurements and Revised Formulations from T = 273 K to 674 K and p = 0.1 MPa to 31 MPa[END_REF]:

K w ∝ 1 a w (4.2)
Therefore, by decreasing the pressure (density), the water activity increases which in turn affects the dissociation equilibrium of water, enhancing the dehydration step.

Here we suggest that the phase transition is favoured at 8 MPa rather than at 16 MPa due to the higher activity of water molecules under that condition. Contrarily, the lower effectiveness of the process at 2 MPa might be related to an excessively low amount of solvent, which counterbalance the further increasing of water molecules activity. In future works, an in-depth study of the system and the involved mechanisms is required to confirm these hypotheses.

Furthermore, as it will be confirmed later from SSNMR, the results of our study indicate a first formation of wollastonite-1T, which then convert in the monoclinic polytype when the conditions are more favourable for the xonotlite-wollastonite phase transition. In this context, it will be interesting to study the thermodynamic of the process and to determine the phase boundary of the system.

Once the optimal value of pressure (density) was determined, the effect of time on the dehydration process was investigated. Longer synthesis time provides higher crystallinity to the material, as shown from the decreasing broadening and increasing sharpness of the peaks. Nevertheless, the quality of wollastonite obtained in only 1 h of treatment remains still higher than what was reported in the literature so far for the synthesis at 800 • C for 2 h [START_REF] Lin | A simple method to synthesize single-crystalline β-wollastonite nanowires[END_REF][START_REF] Li | Synthesis of wollastonite single crystal nanowires by a novel hydrothermal route[END_REF]. Consequently, we estimated highly satisfactory the results obtained in 1 h of dehydration, which represents a more profitable and advantageous procedure in terms of energy and costs of production. In the next section, in-depth characterisation of the wollastonite produced at 500 • C and 8 MPa for 1 h will be reported to gather more information on the structure and the morphology of the material.

Physicochemical characterisation of wollastonite

The morphology of wollastonite synthesised in this study at 8 MPa and 500 • C for 1 h was investigated by HR-SEM. The different silicon environments present in the structure of wollastonite were explored by SSNMR. 29 Si MAS NMR spectrum of wollastonite, Figure 4.26 (b), consists of three wellresolved peaks which can be fitted with three Lorentzian lines centred at -87.4, -88.6, and -89 ppm. These positions are in excellent agreement with previously published studies on both natural and synthetic wollastonite-2M specimens [START_REF] Hansen | 29 Si chemical shift anisotropies in calcium silicates from high-field 29 Si MAS NMR spectroscopy[END_REF][START_REF] Florian | 2 J Si-O-Si scalar spin-spin coupling in the solid state: crystalline and glassy wollastonite CaSiO 3[END_REF][START_REF] Sebald | A multinuclear, high-resolution solid-state NMR study of sorensenite (Na 4 SnBe 2 (Si 3 O 9 )•2H 2 O) and comparison with wollastonite and pectolite[END_REF].

Moreover, two extra shoulders can be also distinguished in the spectrum at -87.8 and third feature close to Si(1) peak could be explained considering that this resonance lies in the overlapping region between Si(1) and Si (2), and thus it is hidden. These results are in agreement with those reported in previous studies [START_REF] Yang | Crystal structure and compressibility of a two-layer polytype of pseudowollastonite (CaSiO 3 )[END_REF][START_REF] Florian | 2 J Si-O-Si scalar spin-spin coupling in the solid state: crystalline and glassy wollastonite CaSiO 3[END_REF].

The presence of 1T-polytype, which accounts for 6% of the total 29 Si MAS NMR spectrum area, could be explained considering the study of Mazzuccato et al. Two more experimental findings should be discussed. First, in a previous study, despite the higher calcination temperature (950 • C) and synthesis time (3 h), Q 1 peak related to end-of-chain silicon tetrahedra was detected at -71.29 ppm [START_REF] Sreekanth Chakradhar | Solution combustion derived nanocrystalline macroporous wollastonite ceramics[END_REF]. The absence of such contribution in 29 Si MAS NMR spectrum of wollastonite synthesised in our work is direct evidence of highly polymerised and low defective structure. Moreover, all peaks are very narrow, which confirms the high crystallinity of the material. Second, in the 29 Si MAS NMR spectrum, there is no evidence of silicon tetrahedra in branching positions, typical of xonotlite structure. In fact, the peak associated to Q 3 sites was observed at -97 ppm in the spectrum of the hydrated phase (Figure 3.10), and is not anymore detected in wollastonite, being this mineral constituted by dreierketten single-chains. This result confirms the complete transition from CSH to CS phase during the developed hydrothermal dehydration.

Further information to interpret the structure of the mineral was obtained through infrared spectroscopy. In Figure 4.27, the IR spectrum of wollastonite in the characteristic range of stretching and bending contributions of Ca and Si polyhedra, 1800 -400 cm -1 , is

shown. In the literature, the high-frequency peaks in the spectral range around 1000 cm -1 are assigned to asymmetric Si-O-Si stretching modes [START_REF] Palakurthy | In vitro bioactivity and degradation behaviour of β-wollastonite derived from natural waste[END_REF]. In the mid-frequency region, 600 -970 cm -1 , the peaks at 646 and 681 cm -1 are attributed to the symmetric stretching involving Si-O-Si bonds, while vibrational bands at 931 and 903 cm -1 can be related to non-bridging silicon-oxygen bond stretching of Si-O nb , in agreement with those reported for sintered β-CaSiO 3 at 850 • C for 2 h [START_REF] Palakurthy | In vitro bioactivity and degradation behaviour of β-wollastonite derived from natural waste[END_REF]. Lastly, the features in the low frequency range, 450 -600 cm -1 , are attributed to Si-O-Si bending vibrational modes (510 cm -1 and 565 cm -1 ), and Ca-O stretching modes [START_REF] Sreekanth Chakradhar | Solution combustion derived nanocrystalline macroporous wollastonite ceramics[END_REF][START_REF] Palakurthy | In vitro bioactivity and degradation behaviour of β-wollastonite derived from natural waste[END_REF].

In another work, the FTIR peaks of β-wollastonite (sintered at 950 • C for 2 h) observed at 681, 897 and 931 cm -1 were assigned to Si-O-Si stretching vibration [START_REF] Ismail | Effect of autoclaving and sintering on the formation of β-wollastonite[END_REF]. The other absorption bands around 1010 and 1060 cm -1 were attributed to Si-O vibration for similarity with the results reported in other studies for α-wollastonite [START_REF] Rashid | In-vitro bioactivity of wollastonite materials derived from limestone and silica sand[END_REF][START_REF] Paluszkiewicz | Nucleation of hydroxyapatite layer on wollastonite material surface: FTIR studies[END_REF]. Stretching bands of carbon traces (i.e. calcite observed by PXRD) contribute to the spectrum around 1400 cm -1 , as already observed for β-wollastonite [START_REF] Paluszkiewicz | Nucleation of hydroxyapatite layer on wollastonite material surface: FTIR studies[END_REF]. 

Conclusions and perspectives

In the first part of the chapter, the effect of both xonotlite and tobermorite addition on cement hydration was described. The early age hydration kinetic in the reference and seeded pastes was investigated by calorimetry and X-ray computed microtomography analyses to estimate the acceleration as a function of the type and the dosage of material. The addition of nanosized CSH into cement pastes enhanced the hydration rate by shortening the pre-induction and induction periods, especially with xonotlite seeds. Furthermore, in seeded pastes, the maximum of the hydration rate shifted at earlier times and showed higher intensity. These findings can be related to three main effects of CSH particles addition:

• Larger number of nuclei are available, from time zero, for hydration product growth resulting in a shortened induction period,

• More regions of hydration product can grow at the same time, providing an enhanced acceleration of the early rate and higher hydration peaks,

• The hydration product can nucleate in the pore space between clinker particles providing a higher total amount of hydration during the early nucleation and the growth period.

The acceleration effect was more accentuated in the case of xonotlite and can be further improved by increasing the seeds dosage, so the optimal dosage would be 1 wt.% rather than 0.5 wt.%. Faster hydration of CSH seeded pastes would benefit the manufacture of modular and precast concrete construction. However, for other applications, as ready-mix concrete, the use of high seed dosage could reduce the workability of the paste. In that case, an alternative could rely on polymers to further enhance the workability of CSH seeded paste. In this field, it would be very interesting to test the mechanical properties of seeded cement, to correlate the accelerated hydration of the paste to its performance.

In the second part of the chapter, an innovative low temperature hydrothermal process for the synthesis of β-wollastonite upon dehydration of xonotlite was presented. Despite a wide range of applications, the studies on the technologies for the production of wollastonite are a very few. In this work, we have extended the knowledge of the synthesis and characterisation of wollastonite. In particular, we have demonstrated that by playing with the operating parameters, as pressure and water activity, it is possible to produce highly crystalline wollastonite at 500 • C in 1 h. As a result of our study, we suggest that the phase transition at such low temperature could rely on two steps: dehydroxylation, followed by dehydration. The ion product of the medium plays a crucial role in the second step: lower is the ionisation degree of the medium, and more the wollastonite formation is promoted.

Chapter 5

Life cycle assessment of xonotlite and tobermorite production via supercritical hydrothermal flow synthesis

In the previous chapters, we have highlighted the advantages of using supercritical water-based technology to produce high crystalline minerals. As already discussed, performing the synthesis under high temperature and pressure conditions boosts the nucleation, accelerates the reaction kinetics and reduces the synthesis time down to a few seconds. Furthermore, we have shown that our xonotlite and tobermorite result more similar, in morphologies, crystallinity and structures, to the natural phases than the other synthetic minerals reported so far in the literature.

Beyond these attractive aspects of SCF technology, it became of high relevance to evaluate the chemical synthesis process in terms of sustainability and environmental impacts.

With this in mind, during this work, a question arose firstly: what is the method to estimate how green a process is? The optimal tool for a comprehensive evaluation of the pros and cons of a manufacturing route is provided by the life cycle assessment analysis (LCA).

LCA offers the opportunity to estimate the impacts across precursors, solvent, and energy associated with materials processing, highlighting which contribution could be adjusted to improve the environmental profile.

In the frame of this work, an anticipatory life cycle assessment has been used to estimate the potential environmental impacts leading from the supercritical hydrothermal synthesis This chapter is divided into two parts. The first one is devoted to the presentation of the life cycle assessment, in terms of definition and methodologies; afterwards, a brief review of the LCA studies on the SCF synthesis, reported in the literature, will be presented.

The second part will discuss the goal and scope of this study, the inventory realised for the acquisition of the data, and lastly, the interpretation of the analysis. The LCA results are useful for highlighting the attractiveness of the supercritical fluid technology and identifying where improvements could be realised to further enhance its perspectives as an environmentally sustainable synthesis methodology.

LIFE CYCLE ASSESSMENT

Life cycle assessment

Definition

LCA is the most appropriate tool for assessing the overall environmental impact of products, services, or processes [START_REF] Shaked | Environmental Life Cycle Assessment[END_REF]. The LCA methodology was developed in the early 1960s in response to a growing concern about the limitations of energy sources and raw materials. Later, this methodology was standardised in the guidelines ISO 14040-14044 which define the life cycle assessment as "the compilation and evaluation of the inputs and outputs and the potential impacts of a product system through its life cycle" [277]. This analysis considers the entire life cycle of a product, from the extraction of raw materials to the end-of-life and waste disposal/recycling, through the manufacturing process and the use-phase (Figure 5.1). For each phase of the product life cycle, the content of inputs (materials, energy, etc.) and the relative outputs (emissions, by-products, water, etc.) are estimated. A life cycle assessment study involves the iteration of the following four steps (Figure 5.2):

1. Goal and scope definition identifies the purpose of the LCA analysis, determining the key LCA elements, such as the functional unit, the system boundaries, and which environmental concerns will be included in the study. In the next section, a brief summary of the studies reported so far on the evaluation of the environmental profile of the SCF synthesis will be reported. Afterwards, the LCA analysis conducted in this work will be presented following the four steps included in its methodology.

Life cycle assessment of supercritical fluid-based synthesis

In the last years, the relevance in using the supercritical fluids technology has been 0.017 mol/L) the use of precursors was negligible, around 3% of the total impacts. At the same time, the average contribution from manufacturing, processing and disposing of the ethanol was about 90% of the total life cycle impacts. Consequently, their work investigated how further improvement could be achieved at the industrial scale. They concluded that by increasing the precursor concentrations up to 0.1 and 1.0 mol/L, the average lifecycle impacts decrease by nearly 81% and 95%, respectively. Furthermore, the additional recovery and reuse of solvents, with an efficiency of 90%, could further reduce the average life-cycle impacts by 56%. They also investigated the environmental impact of three different solvents: ethanol-water mixture, methanol-water mixture and isopropanol-water mixture. Such analysis has shown that the replacing of ethanol with methanol, in the alcohol-water mixture, allows to reduce the total impact categories. Contrarily, the use of isopropanol turns out greater life cycle impacts.

In a later work, life cycle assessment was employed to analyse the environmental profile of TiO 2 nanoparticles production via supercritical solvothermal flow synthesis using waterethanol solution as solvent [START_REF] Tsang | Supercritical fluid flow synthesis to support sustainable production of engineered nanomaterials: case study of titanium dioxide[END_REF]. The analysis was particularly focused on comparing two production processes of TiO 2 nanoparticles: the supercritical fluid synthesis and the conventional precipitation method. The results have shown that the climate change potential and cumulative energy demand for the SHFS were reduced of 55% and 30%, respectively, compared with that evaluated for the precipitation method. Furthermore, these values To conclude, these previous studies have highlighted that the most critical parameters in evaluating the environmental impact of the SCF synthesis at the lab-scale are: the type of solvent, the energy consumption, the type of chemical precursors, and the precursor concentration. At the industrial-scale, the precursor concentration, the amount of water and energy can be optimised; in this case, the precursors play the most crucial role. With this in mind, these parameters have been considered in our study, as will be exposed in the next sections.

Goal and scope definition

In this work, the goal and scope were to evaluate the cradle-to-gate environmental impact related to the production under supercritical hydrothermal conditions of xonotlite and tobermorite nanominerals. In the analysis, we considered the lab-scale production, and we further took into account some prospective synthesis alternatives that could be used at the industrial scale. A preliminary LCA study allowed to identify potential environmental impact hotspots, which were found to be dominated by the heat generation, and precursors required for the reaction. Therefore, several parameters were considered in the LCA study:

nature and concentration of precursors, and operating temperature.

System boundaries for the supercritical hydrothermal production of xonotlite and tobermorite

Once identified the goal and scope of the work, the system boundaries were determined.

In this step, it is crucial to define the functional unit as the reference basis to which the LCA results are related. The function of a manufacturing chemical process is to provide a product, and thus commonly the functional unit is defined as 1 kg of the chemical product.

In this study, the functional unit is 1 kg of dry calcium silicate hydrate nanoparticles (xonotlite or tobermorite).

The analysis conducted in this work covers the manufacturing and transport of precursors, heat and water consumption related to the functional unit, as well as wastewater treatment. The capital equipment (i.e. equipment and building infrastructure) was not encompassed in the study as this has been shown to have a negligible contribution to life cycle impacts, in general, over the long-term [278,[START_REF] Tsang | Anticipatory life-cycle assessment of supercritical fluid synthesis of barium strontium titanate nanoparticles[END_REF]. Furthermore, considerations on use-phase and end-of-life of xonotlite and tobermorite particles were not considered as they will not influence the production route, and thus they fall outside of the scope of evaluating the environmental profile of SHFS. The energy required to run the pumps, filtrate and dry the materials at the lab-scale level was not considered, as the main aim of this anticipatory LCA was to identify where improvements in the manufacturing methodology can be realised.

The system boundaries of this LCA analysis is shown in Figure 5.3. The processes included in the study can be summarised as follows:

1. Production and transport of precursors, 2. Supercritical hydrothermal flow synthesis, 3. Wastewater treatment.

Life cycle inventory analysis

The life cycle inventory allows to determine the totality of the elementary flows linked to a product system under study. For the production of xonotlite and tobermorite, foreground data (weight of precursors, water consumption, process efficiency) were collected during lab-scale experiments. Background data regarding the impacts of both production and transport of precursors, and the SHFS synthesis, were collected from the ecoinvent database and the WW LCI tool by considering lab experiments and upscaling factors.

For xonotlite, to identify a scenario with the lowest environmental impact, the influence of different parameters was investigated, namely the synthesis temperature, the concentration of precursors and their nature. The parameters for the production of xonotlite were compiled in five different scenarios in order to capture the evolution of the results over different options. Instead, for the production of tobermorite, a lab-scale and an industrial scale scenario were modelled. The parameters for the lab-scale experiments and scenarios 1 to 6 for xonotlite and tobermorite productions are identified in Tables 5.1 and 5.2, respectively. In the following, the impact of the experimental parameters that are predominant in each scenario will be investigated.

Heat recovery

In the life cycle inventory, we investigated through scenario Sc1 and sc5 the use, in the lab-scale experiments, of a heat exchanger with a recovery efficiency of 90% as reasonable value for a well-designed and insulated heat exchanger according to the literature [START_REF] Pillain | Positioning supercritical solvolysis among innovative recycling and current waste management scenarios for carbon fiber reinforced plastics thanks to comparative life cycle assessment[END_REF].

Considering that, the 90% of the energy coming from the outlet flow can be used to further heat up the input water flow. At the industrial scale (Sc2, Sc3, Sc4, and Sc6), the use of a heat exchanger with a heat loss of only 10% was always included.

Concentration of precursors

In the case of xonotlite, the lab-scale scenario considered the synthesis of the mineral using calcium nitrate and sodium metasilicate with a Ca/Si = 1. The molar concentration of each precursor was 0.1 mol/L, which results in approximately 5.2 g of xonotlite per litre of injected solution, taking into account a reaction rate of 87%. The temperature and the pressure during the reaction were 400 • C and 25 MPa. The most significant parameter to be optimised is the precursor concentration, as it drastically lowers the volume of water that would need to be heated. Therefore, it was assumed that the industrial production process would aim to run at the maximal possible concentration. Hence, the upper limit for In the case of tobermorite synthesis, the lab-scale scenario considers the use of calcium nitrate, sodium metasilicate and aluminium nitrate with Ca/Al+Si and Al/Al+Si molar ratios equal to 0.83 and 0.15, respectively. The molar concentration of Si-precursor was 0.05 mol/L, which results in the production of approximately 2.9 g of tobermorite per litre of injected solution, by considering a reaction rate of 82%. The temperature and the pressure during the reaction were 400 • C and 25 MPa. Among the three employed precursors, the one with lower solubility is, also in this case, the Na 2 SiO 3 • 9H 2 O. Consequently, 2.9 g/L is the concentration of produced tobermorite in the lab-scale scenario, to use as reference for the industrial scale scenario (Sc6) which involves the production of 76.8 g/L.

Reaction temperature

The energy consumption in the flow synthesis is mostly entirely related to water heating.

This term is related to the heat energy used to bring the reaction to the desired temperature in the near-or supercritical domain. Therefore, it was calculated directly as the energy, E, needed to heat the water content, m, at the desired synthesis temperature, T , in agreement with: The environmental profile of xonotlite synthesis was further investigated by taking into account the impact of reaction temperatures, namely 400 and 325 • C, to compare at the industrial scale the two respective scenarios, Sc2 and Sc3. In this case, an important

E = m
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parameter to consider is the effect of the reaction temperature on the production yield.

In fact, the energy demand is definitively higher when the temperature increases, but that value should be determined by kilogram of xonotlite nanoparticles, as an increase of temperature could also give rise to higher conversion rate of precursors, as previously observed [START_REF] Caramazana-González | Assessing the life cycle environmental impacts of titania nanoparticle production by continuous flow solvo/hydrothermal syntheses[END_REF][START_REF] Hobbs | The synthesis and fluorescent properties of nanoparticulate ZrO 2 doped with Eu using continuous hydrothermal synthesis[END_REF].

In the literature, this phenomenon is related to greater nucleation of the nanoparticles due to the increase of the reaction energy at higher temperatures. The yield of the xonotlite nanoparticles after drying was determined in agreement with the following equation:

Y = m p m t • 100 (5.2)
where m p and m t are the practical and theoretical quantities, in grams, of the produced xonotlite particles, respectively. The yields were calculated based on the average of three experimental runs. The observed yields were of 83% and 87% at 325 and 400 • C, respectively. Furthermore, the yield value for each temperature was confirmed by ICP-OES analysis on the outlet water containing the reaction by-products. 

Type of precursors

Finally, while the initial reaction considered calcium nitrate as Ca-source, it was observed from preliminary results that this precursor contributed significantly to the overall impacts of the process. Consequently, another potential compound that could be used for the production of xonotlite was identified, namely calcium chloride. The use of CaCl 2 as promising alternative to Ca(NO 3 ) 2 was experimentally tested for xonotlite production, and considered in scenario Sc4. The PXRD pattern of the as-synthesised sample is shown in Instead for tobermorite, due to the challenge in synthesising an unstable phase, the temperature reaction was kept equal to 400 • C for all scenarios. Through lab-scale experiments the yield for the synthesis of tobermorite was calculated to be of 82% at 400 • C. Furthermore, aluminium nitrate (used as Al-source in the tobermorite synthesis) was not available in the ecoinvent database. Consequently, the inventory data were estimated based on a potential synthesis process for the production of Al(NO 3 ) 3 as reported in the literature. It was found that aluminium nitrate is obtained from the reaction of aluminium oxide with nitric acid, in agreement with the following equation:

Research of data not available in the ecoinvent database

1 Al 2 O 3 + 6 HNO 3 -→ 2 Al(NO 3 ) 3 + 3 H 2 O (5.3)
To approximate the inputs required for this reaction at the industrial scale, we considered the same yield (95%), water, energy and other inputs required for the synthesis of aluminium chloride from the reaction of the aluminium compound with hydrochloric acid, already present in the ecoinvent database.

Wastewater treatment

Up to now, we explained how the inputs for each category (precursors, water and energy) were estimated in the life cycle inventory. As previously mentioned, in the global LCA study, the outputs must also be considered in terms of water plus by-products.

In our model, it was assumed that the output process water containing residual chemicals is sent to a wastewater treatment facility. The simulation to consider the wastewater treatment was modelled with the WW LCI v2 tool [START_REF] Kalbar | WW LCI v2: A second-generation life cycle inventory model for chemicals discharged to wastewater systems[END_REF]. WW LCI is an excel-based model for calculating life cycle inventories of wastewater discharges by inserting the concentrations and the characteristics of the chemical presents in the water. The model predicts how wastewater will be treated in the plant, and also, determines to what level wastewater is treated and considers the local sludge disposal practices, whether wastewater is discharged to groundwater, rivers, or sea. The model takes also into account methane emissions and the energy demand of the wastewater treatment plant.

In our study, the concentration of chemical waste (unreacted precursors) contained in the output water was determined theoretically from stoichiometric calculations (considering the reaction yield for each scenario) and also confirmed by ICP-OES analysis for the labscale scenario. However, this technique does not allow to measure the content of nitrogen in the solution. In this work, during the deep characterisation of the samples (through TGA-MS and PXRD), any traces in NO x were observed in the xonotlite and tobermorite powders. For that reason, we have considered that 100% of NO x content in the precursor is injected in the outlet solution.

Life cycle inventory data

The LCA study was performed with the SimaPro 9 software. Foreground inventory data for the supercritical hydrothermal synthesis of CSH particles were collected in-house from lab-scale experiments and stoichiometric calculations. Background data were gathered from the ecoinvent v3.5 database [START_REF] Moreno-Ruiz | Documentation of changes implemented in ecoinvent database v3.5[END_REF][START_REF] Wernet | The ecoinvent database version 3 (part I): overview and methodology[END_REF].

The inventories for the industrial scale production were extrapolated from the lab-scale inventories based on various prospective parameters that could be employed at that scale, as heat recovery and high precursor concentration. The mass balance as well as the selection of LCI data were realised accordingly.

Detailed life cycle inventories, according to 8 production scenarios, are reported in Tables 5.3 and 5.4 for the production of 1 kg of xonotlite or tobermorite, respectively. 

Life cycle impact assessment: evaluation of impact categories

In the first part of this chapter, the life cycle assessment analysis was defined as a tool to quantify the environmental impacts of the complete life cycle of a product. The life cycle of a synthetic mineral is related to many resources and emissions, which can considerably vary in their potential environmental impacts. To interpret the LCA study, the raw materials, energy, and emissions flows identified in the LCI must be converted into potential consequences for human health and the environment. The tool used to perform this third phase of the LCA analysis is the so-called life cycle impact assessment (LCIA) [START_REF] Huijbregts | ReCiPe2016: a harmonised life cycle impact assessment method at midpoint and endpoint level[END_REF]. 2. Classification: assignment of LCI data to the selected impact categories;

3. Characterisation: calculation of impact category indicators results through characterisation factors.

These three steps will be explained in details in the following part. LCIA methods generally allow to measure midpoint impacts or endpoint damage [START_REF] Bare | Midpoints versus endpoints: The sacrifices and benefits[END_REF].

The midpoint impacts represent an intermediary step between the LCI and the endpoint damage, and it is calculated based on a cause-effect impact pathway. An example of midpoint impact is the global warming. The endpoint methods allow to measure the damage of such midpoint impacts on the three areas of protection previously defined: human health, ecosystems and natural resources. For example, global warming can be linked to two endpoint damages, human health and ecosystems, as shown in Figure 5.6. In this work, we have employed the midpoint approach to perform the impact assessment related to the pro-duction via a supercritical water-based synthesis of xonotlite and tobermorite. The impact assessment were conducted using the ReCiPe2016 midpoint which involves 18 midpoint impact categories, as shown in Figure 5.6 and in Table 5.5 [START_REF] Huijbregts | ReCiPe2016: a harmonised life cycle impact assessment method at midpoint and endpoint level[END_REF]. 

Recipe impact category Unit

Global warming kg (CO 2 -eq to air) Ozone depletion kg (CFC-11-eq to air) ionizing radiation kBq (Co-60-eq to air Fine particulate matter formation kg (PM2.5-eq to air) Ozone formation: terrestrial ecosystems kg (NOx-eq to air) Ozone formation: human health kg (NOx-eq to air) Terrestrial acidification kg (SO 2 -eq to air) Freshwater eutrophication kg (P-eq to freshwater) Human toxicity: cancer kg (1,4-DCB-eq to urban air) Human toxicity: non-cancer kg (1,4-DCB-eq to urban air) Terrestrial ecotoxicity kg (1,4-DCB-eq to industrial soil) Freshwater ecotoxicity kg (1,4-DCB-eq to freshwater) Marine ecotoxicity kg (N-eq to marine water) Marine eutrophication kg (1,4-DCB-eq to marine water) Land use m 2 year Water use m 3 water-eq consumed Mineral resource scarcity kg (Cu-eq) Fossil resource scarcity kg (oil-eq) Furthermore, three different cultural perspectives can be applied in the analysis, namely In this section, the most important concepts related to the life cycle assessment analysis were introduced. We have discussed the goal and scope of this study, and the inventory realised for the acquisition of the data for each considered scenario. In the next part, the results related to the production on 1 kg of xonotlite and tobermorite via SHFS will be discussed, highlighting the impact of several experimental parameters.

INTERPRETATION OF RESULTS

Interpretation of results

Life cycle assessment for production of 1 kg of xonotlite

In this section, the contributions of precursors, heat generation, as well as water consumption and wastewater treatment will be analysed for each scenario.

a) Lab-scale scenario

The results for the lab-scale inventory, shown in Figure 5.7, reveal that precursors and heat generation contribute significantly to the impacts of the manufacturing route of xonotlite synthesis. In particular, production and transport of precursors and heat generation have a cumulative contribution of over 90% of the total impacts for 12 of the 18 impact categories. Considering the great amounts of energy (477.13 MJ) required to heat the water for producing 1 kg of xonotlite at the lab-scale, energy strongly contributes to most impact categories with notably 74.8% of global warming and 87.8% of the fossil resource scarcity, due to the combustion of natural gas. Finally, the marine eutrophication impacts are dominated by the wastewater treatment, with 99.7% of the impacts. This is due to the presence in the wastewater of NO - 3 as a by-product of the calcium nitrate precursor. It has to be highlighted that the wastewater treatment included in this work has to be considered beneficial, i.e. the water can be later reintroduced into the environment, and thus the water consumption has a positive environmental impact in Figure 5.7. 

c) Scenario 2: optimising the precursors concentration

At the industrial scale, a change that is expected to be feasible is the use of the optimal amount of reactants to reduce as much as possible the volume of water to be heated. As discussed previously, the maximal theoretical concentration of reactants and/or products was calculated according to precursors solubility limit. As a consequence of this consideration, the industrial scale scenario included the use of a much lower water volume, 14. The lowest and the highest relative contributions of Si-source were 0.2% and 78.8% to marine eutrophication and fine particulate matter formation, respectively. On the other hand, the use of Ca nitrate impacts 0.1% and 79.7% to marine eutrophication and stratospheric ozone depletion, respectively. However, from the experimental results, the reaction yield was determined to be 83% when operating at 325 • C, compared to 87% at 400 • C. This parameter has to be taken into account to establish which scenario between Sc2 and Sc3 has a better environmental profile.

The comparison shows that the potential gains from reducing the temperature are offset by the lower reaction yield, leading to an increase of approximately 5% for all categories. This result implies that the higher volumes of process water and precursors required for producing 1 kg of xonotlite at a lower yield, as well for the associated amounts of wastewater and unreacted precursors, counterbalance the energy savings of heat reduction.

e) Scenario 4: replacing the Ca-precursor source

Overall, it can be stated from the results of previous scenarios, that precursors are the most important contributors to the potential environmental impacts of SHFS at the industrial scale. On the other hand, energy, water consumption and wastewater treatment have relatively low contributions to the total impacts. Specifically, the results suggest that nitrates are particularly harmful for the marine eutrophication (due to nitrates in the wastewater treatment) and the stratospheric ozone depletion (due to nitrates in producing the calcium nitrate precursor) categories.

Hence, it was attempted to find suitable alternatives to calcium nitrate, which was initially used for the reactions, namely calcium chloride. A preliminary comparative LCA analysis has shown that the production of 1 kg of calcium chloride has an advantageous impact profile compared to the production of the same quantity of calcium nitrate. The potential environmental impacts for the synthesis of 1 kg of precursors are reported in Appendix C, Table C.3. As shown in Figure 5.11, calcium chloride exhibits the lowest environmental impact per kilogram for all the considered impact categories, except for land use category. After the comparative LCA analysis of chemical precursors, experimental runs were performed to confirm that calcium chloride was a viable alternative for xonotlite synthesis (as shown by PXRD in Figure 5.5).

For scenario 4, the calcium chloride precursor was used to replace calcium nitrate. The impact profile for this scenario, Figure 5.12, shows that the contribution of the calcium precursor to the total impacts diminishes significantly in comparison to that of calcium nitrate in Figure 5.9. 

INTERPRETATION OF RESULTS

For example, the relative impacts of Ca precursor decreased from 79.7% to 9.1% for stratospheric ozone depletion and from 70.1% to 25.3% for freshwater ecotoxicity. In average, the use of calcium chloride has a total impact across all categories of 22%, representing a reduction of 55.1% compared to calcium nitrate (total impact across the 18 impact categories in sc2 equal to 49%). Additionally, the use of calcium chloride, instead of calcium nitrate, drastically reduces the potential impacts related to nitrates present in the wastewater treatment, with a decrease of over 99% for the impact of wastewater treatment on global warming, stratospheric ozone depletion, and marine eutrophication categories comparing to scenario 2. However, these observed improvements are partly counterbalanced by an average increase of 2.5% for other impact categories, such as freshwater ecotoxicity and marine ecotoxicity. To conclude the evaluation analysis of the environmental impacts related to precursors, in Figure 5.13 the relative impacts of sodium metasilicate, calcium nitrate and calcium chloride for the synthesis of 1 kg of xonotlite are shown. The comparison shows that calcium chloride has the lower impacts, per kilogram of xonotlite, for all categories except land use category. Notably, 1.07 kg of calcium chloride compares favourably to the 1.58 kg calcium nitrate necessary to generate 1 kg of xonotlite (considering the yield efficiency of 87%). In particular, calcium nitrate contributes to about 9 and 466 times more to global warming and stratospheric ozone depletion impact categories, respectively, compared to calcium chloride.

INTERPRETATION OF RESULTS

The LCA results obtained in this work for the synthesis of 1 kg of xonotlite via SHFS have shown that a proper choice for chemical precursors is of fundamental importance to develop an environmentally sustainable synthesis methodology. In the next section, the analysis of the environmental profile related to the synthesis of 1 kg of tobermorite will be reported.

Life cycle assessment for the production of 1 kg of tobermorite

As described above, the complex synthesis of tobermorite does not allow to play with the experimental parameters in a wide range of values, as it was done for xonotlite. Consequently, for this mineral phase, the LCA analysis was performed for only three scenarios, in which the environmental benefits related to heat recovery and high precursors concentration were investigated. First, the comparison between the lab-scale scenario, with and without the use of a heat exchanger, will be presented.

a) Lab-scale scenario per litre of water. As already observed for xonotlite in Figure 5.7, the heat process is an important contributor to most impact categories, due to the high consumption of required energy (860.63 MJ) if no heat recovery is considered. In particular, the contribution of energy to the total impacts was found to be over 50% for From these results, it appears clear that the first improvement to be realised to enhance the environmental perspectives of this process is related to the heat recovery. In the following, this consideration will be taken into account in scenario 5. On the contrary, sodium metasilicate and calcium nitrate became the greatest contributors for most impact categories, with an average contribution of 27.8% and 32.5% for Si-source and Ca-source, respectively. These results are in agreement with those previously discussed for the case of xonotlite (Figure 5.8). However, aluminium nitrate entails additional effects that influence the total potential impacts of the reaction. It contributes by an average of 12% to the different impact categories, principally to the stratospheric ozone depletion, terrestrial acidification, human carcinogenic toxicity, and mineral resource scarcity categories, with relative impacts of 18.1%, 15.4%, 37.7% and 27.2%, respectively.

Another strategy that can be considered to further improve the environmental profile of the tobermorite supercritical flow synthesis relies on the use of the maximal precursor concentration. This case was analysed in scenario 6, which corresponds to the industrial scale production of tobermorite at 76.8 g per litre of injected solution. As for scenario Sc2, the highest contribution to life cycle impacts comes from precursors. In particular, aluminium nitrate has the most important relative impact on human carcinogenic toxicity (46.9%) if compared to calcium nitrate (23.8%) and sodium metasil- icate (28.3%). The cumulated impacts of precursors are found to be over 90% for 14 out of 18 categories, exceptions being global warming, stratospheric ozone depletion, marine eutrophication and water consumption. 5.5.3 Comparison between LCA analyses for producing 1 kg of xonotlite and 1 kg of tobermorite at the industrial scale At this stage, the comparison between the impacts of the industrial scale scenarios for producing 1 kg of xonotlite and 1 kg of tobermorite, gives some interesting information.

Figure 5.17 shows that the impacts difference increase from a minimum of 14.1% to a maximum value of 99.4% for the different impact categories. The largest differences are observed for the freshwater ecotoxicity (+ 33.6%), mineral resource scarcity (+ 49.7%) and human carcinogenic toxicity (+ 99.4%). This would imply that despite the synthesis of 1 kg of tobermorite results in a gain in terms of water and energy consumption of 1.41 L and 0.35 MJ, respectively, some parameters offset these benefits if compared to the production of 1 kg of xonotlite. These results are related to the addition of aluminium nitrate as a precursor for producing tobermorite, and the 5% decrease in the observed reaction efficiency.

The later involves the additional injection of precursors to the wastewater, which in turn gives rise to other impacts associated with its treatment and additional release of nitrates and aluminium to the environment. 

INTERPRETATION OF RESULTS

This LCA study provides a basic understanding of the contributions of each parameter that take part in the life cycle of xonotlite and tobermorite syntheses via a supercritical water-based methodology. As expected, the lab-scale scenarios for xonotlite and tobermorite are the most relevant contributor to global warming, mostly due to the heat generation impacts which accounted for 27.06 and 48.8 kg (CO 2 -eq to air), respectively. Once the energy consumption was optimised through heat recovery, in sc1 and sc5, the absolute impacts to global warming related to heat were reduced to 2.71 and 4.88 kg (CO 2 -eq to air), respectively. The theoretical energy saving obtained with the employment of heat exchanger would allow to reduce the total impacts of global warming from 36.17 and 60.27 kg (CO 2 -eq to air) for the lab-scale scenarios of xonotlite and tobermorite to 11.81 and 16.35 kg (CO 2 -eq to air) for sc1 and sc5, respectively. To further reduce the impacts of energy consumption, the maximal precursor concentration should be used, as shown in Figure 5.18 for sc2, sc3, and sc6.

For these scenarios, the highest contribution to global warming comes from the precursors which account for 8.14, 8.53 and 10.25 kg (CO 2 -eq to air), respectively.

INTERPRETATION OF RESULTS

In general, tobermorite synthesis affects more the global warming impact due to the lower conversion yield of the reaction. On the contrary, the xonotlite synthesis as reported in sc4 has the lowest total impact to global warming, 3.72 kg (CO 2 -eq to air), thanks to the proper choice of Ca precursor.

In this work, the cradle-to-gate environmental impacts related to the production of xonotlite and tobermorite via the supercritical hydrothermal flow synthesis were analysed through LCA. The results have shown that to improve the environmental profile of this manufacturing route, three main factors must be optimised: the heat recovery, the precursors concentration, and the type of chemical precursors. In the field of synthetic nanomineral production, this study could serve as a starting point for developing a sustainable and scalable synthesis methodology.

5.6. CONCLUSIONS AND PERSPECTIVES

Conclusions and perspectives

As described in the previous chapters, the supercritical hydrothermal flow synthesis allows producing a large volume of high crystalline CSH particles in a faster and more efficient way than the conventional hydrothermal synthesis in a batch reactor. In this chapter, the cradle-to-gate environmental impacts related to the production under nearand supercritical conditions of xonotlite and tobermorite nanominerals were evaluated.

The strategy adopted in this study was the following:

1. Each parameter that takes part in the life cycle of xonotlite and tobermorite syntheses was identified, 2. The environmental impact related to these parameters, mostly energy consumption and precursors, were determined, 3. Based on these results, several scenarios were studied to identify where improvements can be done.

The results have shown that at the lab-scale, production of precursors, as well as heat generation, have the most significant impact for the chosen categories. Consequently, we have considered heat recovery and precursors molar concentration as parameters to be optimised at the industrial scale. The upper limit of the latest parameter is dependent and limited by the solubility of Si-precursor in water. Accordingly, the optimal concentrations of produced material were estimated to be 69.3 g/L and 76.8 g/L for xonotlite and tobermorite, respectively.

This analysis has made it possible to identify another component for xonotlite production that could be addressed to improve the environmental profile of the manufacturing route: the type of Ca-precursor. The results have shown that the use of calcium chloride rather than calcium nitrate dramatically reduces the potential impacts linked to nitrates, i.e. eutrophication and ozone depletion. In this context, further studies could be focused on the search for more sustainable chemical precursors, for example, to replace the Si-source and Al-source used in this work.

However, it is worth mentioning that the life cycle assessment has some limits. Firstly, the analysis involves several choices, from the functional unit definition to the boundaries system selection. Making appropriate decisions in the first steps of the LCA study is critical as it can largely dictate the representativeness and, therefore, the value of the LCA analysis [START_REF] Reap | A survey of unresolved problems in life cycle assessment part 1: goal and scope and inventory analysis[END_REF]. Furthermore, specific problems related to life cycle inventories in terms of accessibility or accuracy of the data can reduce the analysis's precision. Secondly, the LCA results may depend on the specific geographic area in which the data are collected. Lastly,

CONCLUSIONS AND PERSPECTIVES

it exists the possibility to double count the impact of a factor that contributes to different categories.

To conclude, the results obtained in this work suggest several points that must be advised to develop a sustainable chemical manufacturing route:

1. Performing the life cycle assessment of the process, The perspectives of this work include the study of a complete LCA considering the use and end-of-life stages of CSH minerals for the appropriate evaluation of any composite products that would incorporate xonotlite or tobermorite. Furthermore, in the future, it will be interesting to perform a comparative study of the LCA between natural and synthetic CSH produced through both conventional hydrothermal process and supercritical synthesis.

General conclusion and perspectives

The Regarding the synthesis of Al-tobermorite under supercritical conditions, we deeply studied the material structure thanks to a combination of SSNMR, Raman and FTIR spectroscopies. We have observed that our tobermorite is characterised by a highly ordered structure and high polymerisation degree, which in turn affect its intrinsic mechanical properties. We have found, through HP-XRD, that our material shows a higher bulk mod- Consequently, to form mineral phases with Ca/Si = 1.5, 2 or 3 does not suffice to change only the Ca content in the precursor solution. In future works, it would be advisable to test different values of residence times and temperature to determine the optimal synthesis conditions. Furthermore, it could be interesting to try several values of the water density, as that parameter could play a crucial role in the stabilisation and further formation of some mineral phases.

In this work, the applications of xonotlite and tobermorite were also investigated in two main fields. First, we focused our attention on using these mineral nanoparticles as additions to accelerate the early age hydration of cement. From an applicative point of view, these additions play a relevant role in precast structures where speeding up the hydration kinetics minimises construction time and costs. The great interest in employing calcium silicate hydrate particles relies on two reasons. First, they show high compatibility with the cement paste chemistry, as they represent the analogous crystalline form of C-S-H gel. Second, CSH additions avoid the steel structure corrosion caused by other typical accelerator admixtures based on sodium chloride and calcium chloride.

Previous studies have proposed that the CSH accelerating effect relies on a seeding mechanism, acting as nucleation points that trigger the quick and autocatalytic formation of the main hydration product of cement. In this work, we tested the effect of both xonotlite and tobermorite though calorimetry and X-ray microtomography analyses. The results have shown that both minerals can accelerate the early age hydration kinetics of cement. This phenomenon can be explained considering that the nucleation occurs only on or near the clinker particle surfaces during a normal unseeded hydration process. On the contrary, xonotlite and tobermorite seeds lead to the formation of C-S-H gel within the pore space between the clinker particles. Furthermore, the results have highlighted the higher performance of xonotlite rather than tobermorite, which could be related to its higher Ca/Si ratio. In fact, despite the nanoparticles seeds enhance the C-S-H gel nucleation, they could also adsorb calcium and hydroxide ions from the aqueous solution, creating a local concentration gradient that might accelerate the depletion of clinker particles.

Based on these findings, future works could investigate the effect of other crystalline CSH nanoparticles synthesised via SHFS with different Ca/Si ratios and specific surface areas. Furthermore, testing the mechanical properties of seeded cement pastes to confirm the hypothesis of the formation of a more dense and resistant cement matrix is required.

The second field of application is related to the synthesis of high crystalline wollastonite, the respective dehydrated phase of xonotlite. The great interest in producing synthetic wollastonite relies on its versatility as a suitable material for a wide range of industrial applications. This mineral phase is particularly employed for mechanical reinforcement in products as plastics, ceramics, and concrete. Furthermore, it is widely used in the metallurgy and paints industry and as biocompatible material in the biomedical field. Despite a wide range of applications, the methodologies for wollastonite production reported so far in the literature usually involve multi-steps and lengthy procedures and high calcination temperatures, above 800 • C, more commonly around 1000 -1200 • C.

In this work, we have reported the proof of concept of the hydrothermal dehydration of xonotlite for synthesising highly crystalline wollastonite at 500 • C in 1 h. This discovery could be considered revolutionary in the area of calcium silicate production. In fact, through TGA-MS and HT-PXRD we have observed that this phase transformation takes place, at ambient pressure, at around 800 • C. To understand which phenomena are involved in the hydrothermal process, a parametric experimental study coupled with an in-depth characterisation of the produced materials were performed in this work. Our results sug-gest that the synthesis of wollastonite at such low temperature could rely on two steps: dehydroxylation, followed by dehydration. The dehydroxylation occurs as an effect of the temperature on the mineral structure. Successively, the as-produced H + and OH -groups, due to the low ionic product of the medium at 500 • C and 8 MPa, are forced to exit from the structure in the form of a water molecule. In this context, we have discovered that the dissociation degree of the solvent, and thus the water molecules activity, plays a crucial role in forming wollastonite. In this context, to fully establish the dehydration mechanisms involved in the process, more experimental synthesis should be performed. In future works, it would be advisable to explore the synthesis of wollastonite at different values of water densities ρ(p,T ). In fact, it could be ideally possible to further reduce the temperature and/or the amount of water, improving the advantages of the process. Coupling more experiments with simulations could help to explain the phenomena thoroughly.

Another critical information on the hydrothermal dehydration synthesis process that we have gathered is related to the phase transition. Based on our results, it can be stated that during the hydrothermal treatment, at first, the xonotlite phase converts into wollastonite-1T, which successively transforms in wollastonite-2M. It will be interesting to study the thermodynamic of the process and determine the system phase boundary in future works.

The produced wollastonite exhibits high crystallinity, as demonstrated by PXRD, SS-NMR and HR-TEM. Furthermore, nanosized wollastonite particles show fibre-like morphology, making this material very attractive in terms of reactivity related to the high specific surface area, or for reinforcement applications in several fields. New perspectives of this study could be focused on the in-depth analysis of the effect of synthesis time. We believe that the dehydration process could also work at a curtailed time. On the other hand, prolonging the synthesis to several hours could lead to the formation of α-wollastonite.

Also, it would be interesting to develop a one-step hydrothermal flow process to synthesise β-wollastonite, by employing low pressure value and high residence time.

Based on these results, a new research line could involve the study of our innovative methodology for the synthesis of other calcium silicate phases. It would be attractive to test the dehydration process on other CSH mineral, considering both natural and synthetic specimens as pristine materials.

Lastly, we have focused our attention on evaluating the environmental profile of the supercritical hydrothermal flow synthesis. The cradle-to-gate environmental impacts related to xonotlite and tobermorite production via SHFS were investigated through life cycle assessment analysis. The results have shown that the most significant impacts are precursors and heat consumption for both mineral phases at the lab-scale. It has been found

that the production of 1 kg of tobermorite has a more significant environmental impact, in term of global warming, due to the lower conversion yield of the reaction. Furthermore, in that case, aluminium nitrate generates supplementary impacts if compared to 1 kg of xonotlite production. The use of Al-source significantly affects categories as stratospheric ozone depletion, freshwater ecotoxicity, human carcinogenic toxicity and mineral resource scarcity.

The main objective of this study was to identify where improvements could be realised to further enhance the attractiveness of SHFS as an environmentally sustainable synthesis methodology. Consequently, we have considered heat recovery and precursors molar concentration as parameters to be optimised at the industrial scale. First, by adding a heat exchanger (90% efficiency), the energy consumption decreased from 477.13 and 860.63 MJ to 47.71 and 86.06 MJ for xonotlite and tobermorite, respectively. Second, by considering the maximal precursor concentrations, the water amount was drastically reduced, and consequently also the required energy amount (3.57 and 3.22 MJ for xonotlite and tobermorite production, respectively). At the industrial scale, the maximal concentration of produced material was estimated to be 69.3 g/L and 76.8 g/L for xonotlite and tobermorite, respectively. At that level, once optimised the amounts of energy and water, the chemicals contributed significantly to the overall impacts of the process. In particular, we estimated that calcium nitrate had the most significant effect, and therefore we identified another compound, calcium chloride, which could be used for the production of xonotlite. The results have shown that the CaCl 2 dramatically reduces the potential impacts linked to nitrates, i.e. eutrophication and ozone depletion.

This work represents the first investigation through LCA of the environmental profile of supercritical hydrothermal flow synthesis to produce synthetic calcium silicate hydrate nanominerals. In this context, having stressed the crucial importance of choosing proper chemicals, further studies could be focused on the search for more sustainable chemical precursors to replace sodium metasilicate and aluminium nitrate. During the PXRD analysis, the sample is irradiated by the electromagnetic beam at an angle θ in respect to the sample plane. The X-ray detector acquires the intensity of the diffracted X-rays at an angle of 2θ. Consequently, by scanning the sample within a wide range of 2θ angles, an unique fingerprint of the mineral can be obtained. The identification of the mineral phase(s) is then determined by the comparison of the d-spacings, measured from the position of the diffraction peaks, with standard reference patterns.

A.3 Spectroscopy techniques

A.3.1 Fourier transform infrared spectroscopy

The basic principle of Fourier transform infrared spectroscopy is based on the approximation of the chemical bonds within molecules to quantum harmonic oscillators. During the analysis, the sample is exposed to electromagnetic radiation and the chemical bonds vibrate at certain frequencies, depending on the elements and the type of bonds. According to quantum mechanics, for any given bond there are various specific frequencies at which it can vibrate. These frequencies correspond to the ground state (lowest frequency) and numerous other excited states (higher frequencies). An oscillating electric field with the same frequency as the chemical bond induces a vibrational resonance. Consequently, the absorption of energy occurs due to an excitation of molecular vibration. Thus, the resonant frequency is a unique characteristic of the chemical bond, since different chemical bonds absorb different frequencies of radiation. In addition, polyatomic molecules, or functional groups, have several vibrational modes, symmetric and asymmetric stretching, wagging, rocking, and bending modes, which correspond to different characteristic resonant frequencies. By varying the frequency of the radiation over a desired range, a mineral can be identified by comparing its absorption peaks to a data bank of spectra, and the response can be used to identify its chemistry.

A.3.2 Raman spectroscopy

Raman spectroscopy is a complementary tool to infrared absorption spectroscopy, pro- and thus on resonance conditions. In addition, the magnetisation M is tilt away from the equilibrium state by an angle θ during a certain time. Therefore, parameters that must be optimised during the measurement are the magnitude and the duration of the RF pulse. 

  scenario . . . . . . . . . . . . . . . . . . . . . . b) Scenario 1: minimising the heat consumption . . . . . . . c) Scenario 2: optimising the precursors concentration . . . . d) Scenario 3: optimising the operating temperature value . . e) Scenario 4: replacing the Ca-precursor source . . . . . . . 5.5.2 Life cycle assessment for the production of 1 kg of tobermorite . . . a) Lab-scale scenario . . . . . . . . . . . . . . . . . . . . . . b) Scenario 5: minimising the heat consumption . . . . . . . c) Scenario 6: optimising the precursors concentration . . . . 5.5.3 Comparison between LCA analyses for producing 1 kg of xonotlite and 1 kg of tobermorite at the industrial scale . . . . . . . . . . . . 5.5.4 Impact to global warming category: comparison between scenarios . 5.6 Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . General conclusion and perspectives A Description of characterisation techniques Acronyms SAED Selected-area electron diffraction SCFs Supercritical fluids SEM Scanning electron microscopy SHFS Supercritical hydrothermal flow synthesis SSNMR Solid-state nuclear magnetic resonance TEM Transmission electron microscopy TGA-MS Thermogravimetric analysis-Mass spectrometry X-ray µCT X-ray computed microtomography xii Résumé Résumé Depuis le début de la civilisation, les minéraux naturels ont joué un rôle clé en tant que matières premières pour le développement social, économique et technologique de la société moderne. Parmi la grande variété de minéraux que l'on peut trouver dans la nature, les silicates de calcium hydratés (CSH) sont membres d'une grande famille de minéraux liés aux matériaux cimentaires. Ils se forment à la suite d'un processus hydrothermal géologique au cours duquel des fluides hyperalcalins réagissent avec des roches ignées basiques; ils sont également le produit de réactions chimiques pendant l'hydratation du ciment. Au cours de ces dernières années, deux minéraux appartenant à cette famille, à savoir la xonotlite ((CaOH) 2 Ca 3.6 (H 0.8 Si 6 O 17 ) • m H 2 O, avec m ≤ 2) et la tobermorite (Ca 4 Si 6 O 15 (OH) 2 • 5H 2 O), ont suscité un intérêt croissant dans plusieurs domaines, comme les applications orthopédiques, les matériaux isolants, les agents stabilisateurs pour piéger les impuretés dans les eaux usées et comme ajouts pour le ciment renforcé. Cependant, la tobermorite comme la xonotlite sont des minéraux rares dans la nature avec une cristallisation nécessitant des millions d'années, ce qui limite fortement leur utilisation potentielle. Jusqu'à présent, la production de ces minéraux est réalisée par voie hydrothermale à des températures comprises entre 180 • C et 220 • C. Malheureusement, cette approche conventionnelle nécessite des temps de synthèse très longs, de l'ordre de la dizaine d'heures, voire plusieurs jours, pour obtenir des matériaux cristallins.
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 235 MPa en seulement quelques dizaines de secondes. Sur la base de ces résultats, il apparaît clairement l'intérêt d'utiliser cette méthode comme voie de fabrication rapide et évolutive pour produire des fibres synthétiques de xonotlite afin de remplacer la méthode hydrothermale conventionnelle. De plus, nous avons observé que dans des conditions supercritiques (400 • C et 25 MPa) la cristallisation d'autres phases a été évité, et l'obtention de la xonotlite hautement cristalline monophasée a été possible, tout en réduisant le temps de résidence à 7 s. La morphologie ainsi que la structure chimique de la xonotlite ont été étudiées par microscopie électronique, diffraction aux rayons X (DRX), résonance magnétique nucléaire (RMN) (Figure 1).

Figure 1 :

 1 Figure 1: Schéma représentatif des propriétés physico-chimiques de la xonotlite synthétisée dans l'eau supercritique en 7 s.

Figure 2 :

 2 Figure 2: Schéma représentatif des propriétés physico-chimiques de la tobermorite synthétisée dans l'eau supercritique en 8 s.

Figure 3 :

 3 Figure 3: (a) Dépendance en température des temps de relaxation liés à la dynamique observée dans la tobermorite (en rouge) et la xonotlite (en bleu). (b) Représentation schématique de la corrélation entre la structure chimique de la xonotlite et de la tobermorite et son effet sur la dynamique de l'eau nanoconfinée, basée sur les résultats de ce travail.

Résumé

  tallurgique et des peintures et comme matériau biocompatible dans le domaine biomédical. En dépit d'un large éventail d'applications, les méthodologies de production de la wollastonite impliquent généralement des procédures longues et en plusieurs étapes, ainsi que des températures de calcination élevées, supérieures à 800 • C, plus communément autour de 1000 -1200 • C. La preuve de concept de la déshydratation hydrothermale de la xonotlite pour synthétiser de la wollastonite hautement cristalline à 500 • C en 1 h a été rapportée. Dans le but de corréler l'effet des paramètres expérimentaux sur le processus de déshydratation hydrothermale, des mesures de diffraction des rayons X sur poudre ont été effectuées. Les diffractogramme RX des matériaux synthétisés dans le réacteur batch en 1 h à 500 • C et à différentes valeurs de pression sont présentés dans la Figure 4(a). Le traitement hydrothermal conduit à la conversion partielle (à 2 et 16 MPa) ou complète (à 8 MPa) de la xonotlite en wollastonite, comme l'indique la présence du pic de diffraction (320) caractéristique de la wollastonite à 30,1 • (2θ • ) dans les diagrammes de diffraction.

Figure 4 :

 4 Figure 4: (a) Diagrammes de diffraction des rayons-X des échantillons synthétisés lors de la déshydratation hydrothermale à 500 • C pendant 1 h à différentes valeurs de pression: 16 MPa, 8 MPa et 2 MPa. (b) Schéma représentatif des propriétés physico-chimiques de la wollastonite synthétisée à 500 • C et 8 MPa.

Figure 5 :

 5 Figure 5: Diagrama representativo de las propiedades fisicoquímicas de la xonotlita sintetizada en agua supercrítica en 7 s.

Figure 6 :

 6 Figure 6: Diagrama representativo de las propiedades fisicoquímicas de la tobermorita sintetizada en agua suercrítica en 8 s.

Figure 8 :

 8 Figure 8: (a) Diagramas de difracción de rayos X de muestras sintetizadas durante la deshidratación hidrotermal a 500 • C durante 1 h a diferentes valores de presión: 16 MPa, 8 MPa y 2 MPa. (b) Diagrama representativo de las propiedades fisicoquímicas de la wollastonita sintetizada a 500 • C y 8 MPa.
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 111 Figure 1.1: Historical growth in construction material production: cement (blue line), steel (red line) and wood (green line) per capita [17].
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 112 Figure 1.2: Global cement production by country in the period range 1990 -2017 [18].
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 113 Figure 1.3: Schematic representation of the typical heat release evolution and the proposed classification of different stages during the hydration process of OPC cement [26].

Figure 1 . 4 :

 14 Figure 1.4: Hydration kinetics of an ordinary Portland cement: (a) consumption of clinker phases, (b) formation of hydrate products over time. The hydration was investigated at ambient temperature [10].

Figure 1 . 3 (

 13 Figure 1.3 (stage V), a third low peak could be related to the formation of the AFm phase (constituted by monosulphoaluminate compounds, Al 2 O 3 -Fe 2 O 3 -monosulpho)

Figure 1 . 5 :

 15 Figure 1.5: Three dimensional representation of concrete specimen obtained by synchrotron X-ray microtomography. Grey levels allow to distinguish the different components: clinker and hydration products in light and dark grey and air voids in black, respectively [34].

Figure 1 . 6 :

 16 Figure 1.6: Scanning electron images of cement paste showing the morphology of hydration products at different setting times. (a) Crystal phases growth in fresh-cement under conditions of minimal space restrictions, allowing the development of hexagonal-like Ca(OH) 2 , needle-like ettringite. (b) Crystal phases in more mature paste with limited space, exhibit forms which are more subhedral than anhedral [36].
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 1 INTRODUCTION TO CEMENTITIOUS MATERIALS layered structure, Figure 1.6(b).

Figure 1 .

 1 7 shows a TEM image of cement matrix where the foil-like morphology of C-S-H can be observed, together with the most widely accepted representation of the C-S-H particles at the nanoscale [41, 42].

Figure 1 . 7 :

 17 Figure 1.7: TEM image of a cement sample hydrated for 20 years, showing the foil-like morphology of C-S-H [42]. In the adjacent inset, a schematic representation at the nanoscale of the C-S-H particles, with sheet-like structure held together with interlayer water. This representation is based on the model proposed by Jennings and his group [41].

Figure 1 . 8 :

 18 Figure 1.8: Representation of (a) CaO-polyhedral sheet in the structure of xonotlite. Chains of Ca atoms seven-fold coordinated, type B and B', Ca atoms octahedrally coordinated, type A, are represented in dark grey and light grey, respectively. The seven-fold coordination structure forms a trigonal prism where black dots represent a seventh oxygen atom; (b) Si 6 O 17 -dreier-doppelkette double chain in the structure of xonotlite seen along the c-axis (left) and along the a-axis (right); (c) the two different possibilities of connecting a silicon tetrahedra chain (with a periodicity of three SiO 4 ) to a column of calcium octahedra (type A) in xonotlite (top and middle) and column of calcium octahedra with two superimposed SiO 4 chains (bottom) [44].
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 45 Si 6 O 15 (OH) 3 • 2H 2 O.

Figure 1 . 9 :

 19 Figure 1.9: Representation of (a) the connection between silicate chains (dark grey) and Ca-polyhedral layer (light grey), and structural cavities in (b) anomalous and (c) normal 11 Å tobermorite, as seen along [001] [50].

Figure 1 .

 1 Figure 1.10 shows the crystal structures of the monoclinic polytype of both anomalous and normal 11 Å tobermorite samples. As a result of this exhaustive work, they proposed for the anomalous sample the following chemical formula: Ca 4 Si 6 O 15 (OH) 2 • 5H 2 O, and for the normal one: Ca 4.5 Si 6 O 16 (OH) • 5H 2 O.

Figure 1 . 10 :

 110 Figure 1.10: Crystal structures of the monoclinic polytypes of (a) anomalous tobermorite 11 Å and (b) normal tobermorite 11 Å. The crystal structures are represented on the top as seen along [010], and on the bottom as seen along [210]. The double silicate chains are represented in dark grey and the seven-fold coordinated calcium polyhedra in light grey. Grey circles indicate the water molecules W1, W2, and W3 trapped in the structural cavities [50].
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 2 CHEMISTRY OF CALCIUM SILICATE HYDRATE PHASES b) Al-substituted tobermorite

Figure 1 . 11 :

 111 Figure 1.11: Schematic representation of Al-substituted tobermorite structure, according to the description of Wang et al. [62]. The different positions of Si and Al atoms within a chain (branching, bridging, paired and terminal) are reported. The legend shows the colours of the involved atoms: Si, Al, O, Ca and H. The spheres depicted partially in withe represent atom that belongs, in part, to another unit cell [7].
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 2 Figure 1.12.

Figure 1 . 12 :

 112 Figure 1.12: Schematic representation of the C-S-H gel atomic structure. The different positions within a chain (end, paired and bridging) are represented. The legend shows the size and the colours of the involved atoms: Ca, Si, O, and H [64].

Figure 1 . 13 :

 113 Figure 1.13: Phase diagram of the CaO-SiO 2 -H 2 O system where the Ca/Si molar ratio and the stability region of each phase are shown. The dashed lines indicate uncertainties [93].

  14 summarises the results obtained for different synthesis of tobermorite over a wide range of temperatures (200 -310 • C) and aluminium contents (Al/Si+Al = 0 to 0.15). As the temperature decreases and the Al/(Al + Si) molar ratio increases, tobermorite becomes the most stable phase; contrarily, by decreasing the Al content and increasing the temperature, xonotlite is the most stable phase, highlighting the thermodynamically unstable nature of tobermorite at high temperature.

Figure 1 . 14 :

 114 Figure 1.14: Phase diagram of the tobermorite/xonotlite system over a temperature range of 200 -310 • C at the saturated vapour pressure value. The effect of the aluminium content substituted to silicon (0%, 5%, 10%, and 15%) on the stability of the phases is shown. The different experimental syntheses were performed over a 3 -5 h time period [92].

1 and 1 . 5 ,

 15 the xonotlite formation was favoured. However, only in the first two cases, the synthesis of pure xonotlite was observed; on the contrary, by increasing the Ca content to 1.5 times over the content of Si, the formation of an additional unknown secondary phase took place. The synthesis of xonotlite was explored within a range of temperatures from 175 • C up to 390 • C. The experimental observations have shown that, as a consequence of the temperature increasing, the reaction time could be shortened: crystalline xonotlite was formed at 175 • C and 0.9 MPa in 79 days, while at 390 • C and 7 MPa only 4 days were required. As results of their numerous experiments, they have fixed the upper temperature limit at which xonotlite is stable at 395 ± 10 • C. This work reported the first xonotlite synthesis by employing high temperature water (in the vapour phase) in a batch reactor.

1. 3 .

 3 HYDROTHERMAL SYNTHESIS OF XONOTLITE AND TOBERMORITE al. employing CaO as Ca-source and three different silicon/aluminium precursors: colloidal silica with and without γ -Al 2 O 3 , aluminosilicic (Al 2 O 3 -SiO 2 ) gel and clinoptilolite (Ca 3 (Si 30 Al 6 )O 72 • 20 H 2 O) [110]. For each precursor, two different Ca/(Si+Al) molar ratios were tested: 0.8 and 1. Furthermore, they took into account the effect of Al content by employing several Al/(Al + Si) molar ratios, 0%, 5%, 10% and 15%, at two different temperature values, 90 • C and 120 • C, respectively. These experiments have provided important knowledge related to the formation of synthetic tobermorite. First, the Al content

Figure 1 . 15 :

 115 Figure 1.15: Pressure-temperature phase diagram of pure water. TP is the triple point (p tp = 0.612 MPa, T tp = 0.01 • C) and CP is the critical point (p cp = 22.1 MPa, T cp = 374 • C). Some isochoric curves are drawn (dotted lines). A schematic representation of the density and organisation of molecules in the solid, liquid, gas and supercritical domain are shown [114].

Figure 1 . 16 :

 116 Figure 1.16: Evolution of density (solid black line) and dielectric constant (solid blue line) of pure water as a function of the temperature at 25 MPa. The dotted red line represents the critical temperature. The data were collected from the National Institute for Standards and Technology database, NIST [126].
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 117 Figure 1.17: Evolution of viscosity (solid black line) and ion product (solid blue line) of pure water as a function of the temperature at 25 MPa. The dotted red line represents the critical temperature. The data were collected from the NIST database [126].
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 21 Figure 2.1: Schematic diagram of the reactor configuration developed for the hydrothermal flow synthesis of nanoparticles by Adschiri et al.. The reactor was made of a stainless-steel vertical tube, 400 mm long with 9.5 mm internal diameter, and was operating at 400 • C and 30 MPa [117].

Figure 2 . 2 :

 22 Figure 2.2: Schematic diagram of the reactor configuration developed for the hydrothermal flow synthesis of nanoparticles at ICMCB by researchers within the Supercritical Fluids Group.

Figure 2 . 3 :

 23 Figure 2.3: (a) Schematic representation and (b) picture of the set-up designed and developed in this work for the flow synthesis of xonotlite and tobermorite in near-and supercritical water.

Figure 2 . 4 :

 24 Figure 2.4: Schematic representation of the product recovery system employed in this work.

  mL -10 mL Preheating 25 • C -200 • C Reactor 25 • C -400 • C R t = 6 s -600 s (T = 400 • C, p = 25 MPa) Entire system 1 -350 MPa

Figure 2 . 5 :

 25 Figure 2.5: Characterisation techniques used for the investigation of the materials synthesised in this work. The morphology has been explored by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HR-TEM). The structure and chemical compositions have been investigated by powder X-ray diffraction (PXRD), HR-TEM, Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, and inductively coupled plasma (ICP), thermogravimetric analysis coupled with mass spectrometry (TGA-MS). The physicochemical properties have been analysed by TGA-MS and broadband dielectric spectroscopy (BDS).

  X'Pert Pro diffractometer in Bragg-Brentano θ -θ geometry equipped with a Anton Paar HTK-1200N high temperature chamber. The radiation source was Co K α (λ = 1.789 Å). This set-up allows studying phase transformations in different atmospheres at temperature up to 1200 • C. The measurements were performed under N 2 at different temperatures by using a heating ramp of 10 • C/min. A more sophisticated measurement was carried out on tobermorite through high pressure X-ray diffraction (HP-XRD). This experiment was performed at the beamline 12.2.2 of the Advanced Light Source at the Lawrence Berkeley National Laboratory, Berkeley, California, United States. A BX-90 diamond anvil cell was used in an axial geometry, and the culet diameter of the diamond pair was 400 µm. A cylindrical chamber with a diameter of ∼ 110 µm and a thickness of ∼ 90 µm was drilled on a stainless-steel gasket using a laser milling machine. Over half volume of the chamber was loaded with densely packed tobermorite powder. Then, a ruby sphere (α-Al 2 O 3 doped with 0.05 wt.% Cr 3+ ) was loaded into the chamber. The ruby was used as a gauge for applied hydrostatic pressure in the chamber. Subsequently, the chamber was filled with a methanol-ethanol solution (4:1 by volume), as the pressure-transmitting medium, and then sealed immediately. The incident X-ray beam energy was 25 keV (λ = 0.4959 Å and beam size = ∼ 30 µm). 2D diffraction images were collected by a MAR345 image plate, and then integrated into 1D diffraction patterns. The measurements and the data analysis were performed in collaboration with Jiaqi Li, Postdoctoral researcher in the research group led by Paulo J. M. Monteiro at the University of California, Berkeley.

  the tetrahedron shares one, two, three or four oxygen atom(s) with other tetrahedron(a), respectively. The chemical shift depends on the local structural arrangement of the first and second nearest neighbour atoms, and in silicate materials is typically defined within the range between -60 and -120 ppm.

Figure 2 .

 2 6(a) shows that the presence of an additional tetrahedral unit with -O-Si bonding results in a displacement of approximately 10 ppm to more negative chemical shifts. However, the chemical shift regions are not exclusive for each resonance, and the signals can overlap.
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 26 Figure 2.6: Typical ranges of 29 Si chemical shifts for (a) Q n and (b) Q n (mAl) sites in silicates and aluminosilicates. In the scheme it is possible to identify the different Si positions as a function of n and m values. Si, O and Al atoms are represented by grey, red and blue spheres,respectively (adapted from[START_REF] Walkley | Solid-state nuclear magnetic resonance spectroscopy of cements[END_REF]).

A

  similar notation is used to study the aluminosilicates, where an isomorphic substitution of aluminium replacing silicon takes place. Silicon sites are commonly identified using the Q n (mAl) nomenclature with 0 ≤ m ≤ n ≤ 4, where a silicate tetrahedral centre (represented by Q) is bonded to n other tetrahedra (m of which are Al atoms) through oxygen bridges. Q n (1Al) refers to a Si atom surrounded by one Al atom and n oxygen atoms, likewise Q n (2Al) refers to a Si atom enclosed by two Al and n oxygen atoms, etc. Consequently, the introduction of Si-O-Al linkages results in the displacement of the 29 Si chemical shift towards less negative values of roughly 5 ppm, as shown in Figure 2.6(b).
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 2 Figure 2.7.
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 27 Figure 2.7: Illustration of dielectric response over a wide range of frequencies. and indicate the real and the imaginary part of the permittivity, respectively. Several processes are pictured as a function of the frequency: ionic and dipolar relaxations, and atomic and electronic resonances (adapted from [138]).
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 28 Figure 2.8: Schematic representation of the experimental set-up: the sample, of thickness d, placed between two gold disk-shaped electrodes of area A forms a capacitor of capacitance C.

  [START_REF] Hewlett | Lea's chemistry of cement and concrete[END_REF] andI * (ω) = I + i I (2.11)

Figure 2 .

 2 9(a) shows the plot for both the real and the imaginary parts of the Debye function. It can be noticed that the imaginary part is symmetric around ω = τ -1 .

Figure 2 . 9 :

 29 Figure 2.9: The full and the dashed line represent the real part (ω) and the imaginary part (ω) of the complex permittivity, respectively. (a) Plot of the Debye relaxation function. The Debye equation is plotted using a semilogarithmic plot and ∞ = 1.5, -∞ = 8 and τ = 10 -4 . (b) Plot of the Cole-Cole relaxation function. The real and the imaginary part of Cole-Cole equation are plotted for α = 1, α = 0.8, α = 0.6, α = 0.4, and α = 0.2. Decreasing the value of α the peak becomes lower and broader [141].

  21) with β ∈ ] 0 ; 1 ], for β = 1 the Cole-Davidson equation corresponds to the one described in the Debye model (Equation 2.19). A more general model which allows representing simultaneously broad and asymmetric relaxation time distributions is defined by the Havriliak-Negami relaxation function [146, 147]: * (ω) = ∞ + ∆ [1 + (iωτ HN ) α ] β (2.22) where α and β take into account the broadening and the skewing of the peak at high frequency, respectively. The Havriliak-Negami equation is a combination of Cole-Cole and Cole-Davidson equations, and for α = 0 and β = 1 is identical to the Debye function (Equation 2.19).
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 210 Figure 2.10: Schematic representation of the characterisation techniques employed to study the seeding effect of xonotlite and tobermorite nanoparticles into cement paste.

Figure 2 . 11 :

 211 Figure 2.11: Schematic representation of sample preparation for calorimetric measurements.
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 42 -ray computed microtomography X-ray computed microtomography (X-ray µCT) provides a complementary approach for studying the hydration process of cement paste over time, and thus the seeding effect of CSH nanoparticles. The basic principle is based on the 3-dimensional computed reconstruction of a material specimen from 2-dimensional X-ray images collected at different angles around the axis of rotation of the sample. A schematic illustration of the X-ray computed microtomography measurement is shown in Figure2.12.

Figure 2 . 12 :

 212 Figure 2.12: Schematic illustration of X-ray computed microtomography workflow. The tomographic apparatus includes the X-ray source, the specimen understudy, a scintillator and a photodetector. The raw output of the tomogram is a series of projection images recorded at different angles during the rotation of the sample. 2D Projections are then digitally 'reconstructed' to produce a 3D map of X-ray absorption in the sample volume.

  3.2 beamline of the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory, Berkeley, California, United States. The analysis was performed in collaboration with Ke Xu, Ph.D. student in the research group led by Paulo J. M. Monteiro at the University of California, Berkeley.

Figure 2 .

 2 Figure 2.13(a) shows a schematic representation of the principal instrument components of the beamline 8.3.2[START_REF] Macdowell | X-ray micro-tomography at the Advanced Light Source[END_REF] 153]. The source of the beamline is a 4.7 Tesla magnetic field in a superconducting dipole. As the synchrotron electron beam crosses the magnet, a wide range of light wavelengths is emitted, and successively a specific X-ray wavelength is selected by a monochromator. The sample and detection components are placed inside the hutch, as shown in Figure2.13(b). The translation of the sample in the plane perpendicular to the X-ray beam propagation is ensured with a 0.1 µm precision by a motorised stage.Translation and rotation stages are used to slide and adjust the material rotation centre to ensure that the sample will remain in the field of view during the rotation. The sample centring is, thus, a critical procedure prior to the measurement.

Figure 2 . 13 :

 213 Figure 2.13: (a) Overview of the instrument components and (b) sample and detection components inside the hutch of the beamline 8.3.2 of the Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory, Berkeley, California, United States [152, 153].

2. 4 .

 4 CEMENT PASTE CHARACTERISATION METHODS the 8.3.2 beamline of the ALS at ∼ 25 • C. During the measurement, the sample was irradiated by a focused X-ray beam of 40 mm × ∼ 4.6 mm size (at the sample) with an energy of 35 KeV.

Figure 3 .

 3 1(a)). The produced materials were dried in an oven at 60 • C overnight before being finely grounded into a powder for the characterisation analyses (Figures 3.1(b) and (c)). To avoid cross-pollution contamination between different syntheses of xonotlite and tobermorite, a procedure involving several flushing of the system through an open/close valve to expel the eventual retained particles on the reactor wall, and cleaning with an acid solution was employed. It has to be highlighted that the experimental protocol developed for the synthesis of xonotlite differs slightly from that one of tobermorite. The versatility of the supercritical water-based technology allows us synthesising different nanomineral phases by changing3.1. PROTOCOL FOR THE SHFS OF XONOTLITE AND TOBERMORITE few parameters as the residence time, the Ca/Si molar ratio, and the presence of Al source in the precursor solutions.

Figure 3 . 1 :

 31 Figure 3.1: Pictures of (a) the stainless steel fritted filter filled with the produced nanomineral particles just after the synthesis, (b) dried solid material and (c) finely grounded material powder.

First, an experiment

  in which the precursors solutions (Ca/Si molar ratio equal to 1) are injected through the pumps line into the reactor kept under atmospheric conditions was performed. As shown in Figure3.2(a), the precipitation at room temperature of the Ca-and Si-solutions in the T-mixing piece of the reactor gives rise to the formation of a gel. After drying, the material was analysed by powder X-ray diffraction and transmission electron microscopy to study the mineral phase and its morphology.The PXRD pattern of the sample, Figure3.2(b), can be mainly identified according to PDF file no. 34-0002 reported for C-S-H(I) compound in the International Centre for Diffraction Data (ICDD) database. The material exhibits an intense diffraction peak at around 29.2 • (2θ), which is the principal peak in both C-S-H(I) and calcite. Other peaks that confirm the formation of calcium silicate hydrate phase are 16.7 • (2θ), 31.9 • (2θ), 37.4 • (2θ), 49.8 • (2θ). These results are in agreement with those reported in previous studies for C-S-H(I) prepared with a Ca/Si ratio between 0.5 and 1.5 by mixing calcium and silicate ions in dilute aqueous suspension at temperatures below ∼ 60 • C[START_REF] Heller | Crystallographic Data for the Calcium Silicates[END_REF][START_REF] Richardson | Model structures for C-(A)-S-H(I)[END_REF], or by mechanochemically procedure[START_REF] Black | X-ray photoelectron spectroscopic investigation of nanocrystalline calcium silicate hydrates synthesised by reactive milling[END_REF][START_REF] Garbev | Cell dimensions and composition of nanocrystalline calcium silicate hydrate solid solutions. part 1: Synchrotron-based X-ray diffraction[END_REF]. However, as both the production and the drying of the sample were not performed in an inert atmosphere free of carbon dioxide, other peaks related to calcium carbonate, in the form of its polymorphs calcite and vaterite, were detected.Regarding the morphology, at lower magnification, Figure3.2(c), an aggregation of C-S-H(I) particles can be observed. At higher magnification, the C-S-H compound obtained for precipitation shows a foil-like morphology, Figures 3.2(d) and 3.2(e).

Figure 3 . 2 :

 32 Figure 3.2: (a) Picture, (b) powder X-ray diffraction pattern, and (c)-(e) TEM images of C-S-H compound formed as precipitation product of the Ca-and Si-precursors mixing at the inlet of the reactor and at room temperature. In the PXRD pattern, three phases were detected: C-S-H(I) (PDF file no. 34-0002), vaterite (PDF file no. 33-0268), and calcite (PDF file no. 05-0586).
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 22 Crystallisation of xonotlite: influence of the synthesis parameters a) Influence of temperatureThe conventional hydrothermal synthesis of xonotlite has been investigated, in the literature, in a wide range of temperatures, times, and precursors, as reported in chapter 1. The most common temperature ranges between 150 and 250 • C[START_REF] Spudulis | Influence of hydrothermal synthesis condition on xonotlite crystal morphology[END_REF]. However, in the case of low temperature, the synthesis time is very long (133 days at 150 • C)[START_REF] Speakman | The stability of tobermorite in the system CaO-SiO 2 -H 2 O at elevated temperatures and pressures[END_REF], and can be reduced to several hours (∼ 17 h to obtain crystalline single phase material) at 250 • C[START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF].In this work, we have studied the effect of temperature, in the near-or supercritical domain, on the crystallinity and structural properties of xonotlite, to then compare them with those reported in the literature so far. The samples were prepared via hydrothermal flow synthesis at 23.5 MPa and different temperatures: 250, 300, 350, and 400 • C. The syn-3.2. XONOTLITE SYNTHESISED IN SUPERCRITICAL WATER

  ray diffraction patterns of the samples are shown in Figure 3.3.

Figure 3 . 3 :

 33 Figure 3.3: Powder X-ray diffraction patterns of samples T250, T300, T350 and T400 synthesised under near-and supercritical conditions at 23.5 MPa and (a) 250 • C, (b) 300 • C, (c) 350 • C and (d) 400 • C, respectively. In red, the positions and intensities of the diffraction peaks as reported in PDF file no. 00-023-0125 of monoclinic xonotlite (space group P2/a) are shown. The letters C, V, and W indicate diffraction peaks of calcite, vaterite or wollastonite phases, respectively. The vertical black dot line indicates diffraction from the stainless steel sample holder.

43. 4 •

 4 , 44.3 • , and 50.4 • (2θ) came from the sample holder in stainless steel.These findings represent the first proof of xonotlite synthesis under nearcritical conditions (250 -350 • C) in only tens of seconds in a continuous process. In fact, even if the reaction yields and the crystallinity of the samples are reduced if compared to the specimen synthesised at 400 • C, these results at lower temperatures are very promising. Suffice it to say that several hours are required for the conventional hydrothermal synthesis at 250 • C. In this way, for some applications in which is not needed an excellent degree of crystallinity, the methodology developed for the first time in this work can represent a real innovation for the production of xonotlite.The effect of temperature on the formation of xonotlite was further analysed through the investigation of the local environment of protons at the atomic nearest neighbour and next-nearest neighbour scale. Figure3.4 displays the 1 H MAS NMR spectra of samples T250, T300, T350 and T400. All the spectra show two peaks at 1.9 and 2.3 ppm which are attributed to the presence of Si-OH and Ca-OH groups, respectively. In contrast, the broad signal around 5 ppm can be assigned to molecular water adsorbed on the mineral particle surface. Although the ideal crystal structure of xonotlite should contain only Ca-OH units like in portlandite, previous research studies have shown deviations from the ideal model.

Figure 3 . 4 :

 34 Figure 3.4: 1 H MAS NMR spectra of samples T250, T300, T350, and T400 synthesised under near-and supercritical conditions at 23.5 MPa and 250, 300, 350 and 400 • C, respectively. The spectra are normalised for the material mass and the number of scans, and thus comparable to each other. The inset shows a zoom in the range within 12 and 18 ppm of the spectra.

3. 5 ,

 5 three different silicon sites are present in the silicate chains of xonotlite. Among them, two are in bridging positions, Si(1) and Si(2), and the third one is located in branching position, Si(3). As a consequence, three contributions, namely Q 2 H , Q 2 L and Q 3 , appear into the SSNMR xonotlite spectrum. The presence of two Q 2 components is because the bridging Si atoms have different Si-O bond lengths and Si-O-Si bond angles, in agreement to the model proposed by Kudoh and Takeuchi [45].

Figure 3 . 5 :

 35 Figure 3.5: Crystal structure of xonotlite determined from the crystallographic information framework (CIF) file reported by Kudoh et al. [45] in the NIST Inorganic Crystal Structure Database (ICSD) [160]. In the structure, the Si(1), Si(2), and Si(3) atoms, which give rise to three different contributions (Q 2 H , Q 2 L and Q 3 ) to the SSNMR xonotlite spectrum can be distinguished. The black rectangle represents the limits of the unit cell.

Figure 3 . 6 :

 36 Figure 3.6: (a)29 Si MAS NMR spectra of samples T250, T300, T350, and T400 synthesised under near-or supercritical conditions at 23.5 MPa and 250, 300, 350, and 400 • C, respectively.The spectra are normalised for the material mass and the number of scans, and thus comparable to each other. (b) 1 H-29 Si CP/MAS NMR spectrum of T400.

3. 2 .

 2 XONOTLITE SYNTHESISED IN SUPERCRITICAL WATER b) Influence of residence time To avoid as much as possible the crystallisation of wollastonite and obtain single phase xonotlite, the synthesis was performed at 400 • C, and 25 MPa, reducing the residence time down to 7 s. In Figure 3.7, the PXRD pattern of this sample shows well-defined diffraction peaks corresponding, in positions and intensities, to those reported in PDF file no. 00-023-0125 of monoclinic xonotlite. Under these synthesis conditions, the presence of wollastonite is reduced to a neglectable amount.

Figure 3 . 7 :

 37 Figure 3.7: Powder X-ray diffraction pattern of xonotlite synthesised under supercritical conditions at 25 MPa, 400 • C and 7 s. In red, the positions and intensities of the diffraction peaks as reported in PDF file no. 00-023-0125 of monoclinic xonotlite (space group P2/a) are shown. Each peak is identified by the corresponding Miller indices as reported in PDF file no. 00-023-0125.
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 9 Figures 3.9(a) and (b) show well crystalline xonotlite fibres, which confirm the PXRD

  Figures 3.9(a) and (b) show well crystalline xonotlite fibres, which confirm the PXRD results.

Figure 3 . 8 :

 38 Figure 3.8: (a) SEM image of xonotlite fibres; (b) xonotlite fibre analysed by EDS shows uniform distribution of calcium and silicon atoms in (c) and (d), respectively.

Figure 3 . 9 :

 39 Figure 3.9: (a) and (b) HR-TEM images of xonotlite fibres, synthesised under supercritical conditions, showing the ordered and well-arranged crystal lattice of the material. (c) Distance profile derived from the light blue region in (b) to measure the interlayer distance between planes related to reflection (200) and perpendicular to the fibre's length. (d) Crystal structure of xonotlite as reported in the CIF file of the ICSD database [160] by Hejny et al. [44].

Figure 3 . 10 .

 310 The 29 Si MAS NMR spectrum of xonotlite synthesised in supercritical water in only 7 s show three signals assigned to Q 2 H , Q 2 L and Q 3 , in agreement with the silicate structure of xonotlite reported in Figure 3.5. The areas of Q 2 and Q 3 signals were calculated through the deconvolution of the peaks, as reported in Figure 3.10.

Figure 3 . 10 :

 310 Figure 3.10: 29 Si MAS NMR spectrum of xonotlite synthesised under supercritical conditions at 25 MPa and 400 • C in 7 s.

3. 2 .

 2 XONOTLITE SYNTHESISED IN SUPERCRITICAL WATER 3.11. The spectrum, acquired in the range 1800 -400 cm -1 , can be divided into two groups of bands related to vibrations of: (i) water molecules, and (ii) octahedral Ca and tetrahedral Si, as commonly observed in calcium silicate hydrates[START_REF] Churakov | Structure of the hydrogen bonds and silica defects in the tetrahedral double chain of xonotlite[END_REF][START_REF] Mostafa | Hydrothermal synthesis and characterization of aluminium and sulfate substituted 1.1 nm tobermorites[END_REF].

Figure 3 . 11 :

 311 Figure 3.11: IR spectrum of xonotlite synthesised in supercritical water at 25 MPa and 400 • C in 7 s. The asterisk denotes CO 3 2-vibration bands related to carbonate impurity.

Q 3

 3 branching sites (ν(Si-O)Q 3 ) [162]. Instead, the spectral features of silicates, which appear around 978 and 930 cm -1 are attributed to Si-O stretching of Q 2 sites (ν(Si-O)Q 2 ). It is worth mentioning that in the spectrum does not appear the vibration band ν(Si-O)Q 1 , commonly detected around 828 cm -1 [162], confirming the SSNMR results. The signal observed at 1088 cm -1 could be assigned to the asymmetric (ν as (Si-O-Si)) vibration of Si-O-Si bridges; the respective symmetric stretching bands (ν s (Si-O-Si)) appear at 672 and 610 cm -1 . Lastly, the band at 536 cm -1 is assigned to Si-O-Si bending mode (δ s (Si-O-Si)); on the contrary, the O-Si-O bending mode (δ s (O-Si-O)) appear at 456 cm -1 [162]. Although no peaks related to carbonates were observed in the diffraction pattern, in the IR spectrum of xonotlite small contributions related to CO 3 2-vibration bands were detected and marked with an asterisk. The presence of small carbonates traces in xonotlite is commonly reported in the literature [162].

3. 3 .

 3 FINGERPRINT OF XONOTLITE NANOMINERAL SYNTHESISED IN SCWIn this first part of the chapter, the results related to xonotlite crystallisation via a near-and supercritical hydrothermal flow synthesis were presented. Several tests were conducted to optimise the experimental parameters and obtain high crystalline and single phase material. Our findings have shown that temperature, residence time and pressure play a fundamental role in the synthesis process, highlighting the importance of controlling the reaction kinetics to avoid secondary phases, as wollastonite. In this work, xonotlite nanoparticles synthesised at 25 MPa, 400 • C in 7 s show fibre-like morphology and well crystallised structure. Based on these results, it appears clear the interest in using the SHFS as a fast, profitable, and scalable manufacturing route for producing synthetic xonotlite fibres to replace the very long conventional hydrothermal methodology.

Figure 3 .

 3 13(a), PXRD pattern shows well-defined peaks coincident with those reported in the PDF file no. 00-083-1520 for orthorhombic 11 Å tobermorite in the ICDD database. The most intense diffraction peak of the pattern is centred at 7.8 • (2θ) which corresponds to a basal distance d 002 = 11.4 Å, in agreement with what reported for natural 11 Å tobermorite specimens[START_REF] Merlino | The real structure of tobermorite 11 Ȧ: normal and anomalous forms, OD character and polytypic modifications[END_REF][START_REF] Mcconnell | The hydrated calcium silicates riversideite, tobermorite, and plombierite[END_REF][START_REF] Hamid | The crystal structure of the 11 Ȧ natural tobermorite Ca 2[END_REF]. It must be emphasised that we are synthesising tobermorite at a temperature (400 • C) far above its stability limit, which is approximately 140 • C[START_REF] E -Hemaly | Synthesis of normal and anomalous tobermorites[END_REF]. The formation of a thermodynamically unstable phase under these conditions is allowed because of the fine control of the reaction kinetics.

Figure 3 . 13 :

 313 Figure 3.13: (a) Powder X-ray diffraction pattern of tobermorite synthesised under supercritical conditions at 25 MPa, 400 • C in 8 s. In red, the positions and intensities of the diffraction peaks as reported in PDF file no. 00-083-1520 of orthorhombic 11 Å tobermorite are shown. Small traces of vaterite were detected from 2 diffraction peaks, indicated with a letter V, partially overlapped to those of tobermorite. (b) Powder X-ray diffraction pattern of the tobermorite sample after a further thermal treatment at 300 • C in an oven for 24 h.

  13(b), after the thermal treatment the basal peak (002) has not shifted, suggesting that via SHFS we have synthesised 11 Å anomalous tobermorite. The behaviour of anomalous tobermorite upon dehydration has been correlated by Mitsuda et al. to the existence of cross-linkages of silicate layers across the interlayer, which prevents a reduction in the interlayer space when water molecules are lost[START_REF] Mitsuda | Normal and anomalous tobermorites[END_REF].The morphology of tobermorite crystals was investigated by scanning electron microscopy. As shown in Figures 3.14(a), 3.14(b), and 3.14(c), the mineral phase continuously3.4. TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER

Figure 3 . 14 :

 314 Figure 3.14: SEM images of tobermorite fibres synthesised under supercritical conditions (25 MPa and 400 • C in 8 s) at different magnifications: both aggregates of small fibres as well as large single fibres are present.

Figure 3 . 15 :

 315 Figure 3.15: (a) and (b) HR-TEM images of 11 Å tobermorite fibres, synthesised under supercritical conditions (25 MPa and 400 • C in 8 s), showing the ordered and well-arranged crystal lattice of the material. (c) Distance profile derived from the light blue region in (b) to measure the basal distance between (002) planes along c-axis perpendicular to the length of the fibre. (d) Crystal structure of 11 Å tobermorite as reported in the CIF file of the ICSD database [160] by Merlino et al. [50].

Figures 3. 15

 15 Figures 3.15(a) and (b) show the well ordered arranged lattice of the material, where

  Figures 3.15(a) and(b) show the well ordered arranged lattice of the material, where different atomic planes can be distinguished. Thanks to high-resolution imaging, the interlayer distance between calcium layers was determined being approximately 11.4 Å, Figure3.15(c), in agreement with the value, 11.3 Å, reported for natural specimens[START_REF] Merlino | The real structure of tobermorite 11 Ȧ: normal and anomalous forms, OD character and polytypic modifications[END_REF][START_REF] Mcconnell | The hydrated calcium silicates riversideite, tobermorite, and plombierite[END_REF]. Therefore, HR-TEM confirms, through the measurement of the basal distance, that supercritical hydrothermal synthesis leads to the formation of the 11 Å tobermorite variety. Furthermore, considering the crystal structure of 11 Å tobermorite in Figure3.15(d), it can be noticed that the c-axis is perpendicular to the growth direction of the fibre.The aluminosilicate structure of Al-substituted tobermorite was investigated by SS-NMR, which is an excellent technique to obtain information on the polymerisation degree of the chains. The29 Si MAS NMR spectrum of Al-tobermorite is shown in Figure3.16(b).The conventional Q n (mAl) nomenclature was used to indicate silicate tetrahedra connected via oxygen to n adjacent tetrahedra (SiO 4 or AlO 4 ), m of which are Al sites and the remaining n -m Si sites.

3. 4 .

 4 TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER in Al-tobermorite in ancient Roman seawater concrete [57]. Consequently, Dupuis et al.

Figure 3 . 16 :

 316 Figure 3.16: (a) Structural model proposed for Al-anomalous tobermorite, thanks to a combination of NMR and simulation results, by Dupuis et al. [170]. (b) 29 Si MAS NMR spectra of Al-tobermorite synthesised under supercritical conditions at 25 MPa and 400 • C in 8 s. The fitted curves are presented together with the respective contributions percentage.

3. 4 .

 4 TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER a recycling delay parameter of 1 s is enough to recorder all the contributions coming from these atoms. In Figure3.17, the peaks centred at 64 and 56.3 ppm were assigned to two resonances of tetracoordinated Al sites, Al[4], as previously reported for Al-substituted 11 Å tobermorite[START_REF] Guo | Microstructure and characterization of hydrothermal synthesis of Al-substituted tobermorite[END_REF][START_REF] Wieker | Solid-state high-resolution 29 Si NMR spectroscopy of synthetic 14 Ȧ, 11 Ȧ and 9 Ȧ tobermorites[END_REF][START_REF] Gabrovsek | Tobermorite formation in the system CaO, C 3 S-SiO 2 -Al 2 O 3 -NaOH-H 2 O under hydrothermal conditions[END_REF].

Figure 3 . 17 :

 317 Figure 3.17: 27 Al MAS NMR spectra of Al-tobermorite synthesised under supercritical conditions at 25 MPa and 400 • C in 8 s. The fitted curves are presented together with the respective contributions percentage.

123 3. 4 .

 1234 TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER interpretations.

Figure 3 . 18 :

 318 Figure 3.18: Raman spectrum, acquired in the range 200 -1200 cm -1 , of Al-tobermorite synthesised under supercritical conditions at 25 MPa and 400 • C in 8 s. The asterisk denotes C-O stretching mode related to carbonate impurity.

Figure 3 . 19 :

 319 Figure 3.19: IR spectrum, recorded in the range 1800 -400 cm -1 , of Al-tobermorite synthesised under supercritical conditions at 25 MPa and 400 • C in 8 s. The asterisk denotes C-O stretching mode related to carbonate impurity.

- 1

 1 are related to Si-O stretching(O- links between bridging tetrahedra, ν(Si-O)Q 3 ). Some authors suggested that the band around 1166 cm -1 might be characteristic of anomalous tobermorite[START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF][START_REF] Diez-Garcia | Ultra-fast supercritical hydrothermal synthesis of tobermorite under thermodynamically metastable conditions[END_REF][START_REF] Vidmer | Infrared spectra of jennite and tobermorite from first-principles[END_REF]. The spectral features related to Si-O stretching of Q 2 sites (ν(Si-O)Q 2 ) appear around 970, 930, and 903 cm -1[START_REF] Mostafa | Hydrothermal synthesis and characterization of aluminium and sulfate substituted 1.1 nm tobermorites[END_REF]. The signal observed at 1054 cm -1 corresponds to the asymmetrical 3.4. TOBERMORITE SYNTHESISED IN SUPERCRITICAL WATER

550 and 400 cm - 1 ,

 1 the bands related to O-Si-O deformation or bending modes (δ s (O-Si-O), (δ(Si-O-Si)) appear [162].

  Figure 3.20. First, by increasing the applied hydrostatic load, the diffraction peaks monotonically shift to higher d -1 values. This experimental evidence is the consequence of a systematic decreasing of the interplanar distances, in fact, closing interlayer spacing are

Figure 3 . 20 :

 320 Figure 3.20: Powder X-ray diffraction patterns of Al-tobermorite, synthesised under supercritical conditions, as a function of applied hydrostatic pressure. Vertical black dashed lines correspond to the reference peaks positions at ambient pressure, whereas the vertical red dot line indicates the diffraction from the gasket. The inset shows a zoom-in where the effect of hydrostatic pressure on the position and broadening of (002) peak is noticeable.

Figure 3 . 21 :

 321 Figure 3.21: (a) Biot strain as a function of applied hydrostatic pressure along the a-, b-, and c-axes. The uncertainty of pressure is estimated to be about ± 0.15 GPa. The uncertainty of the Biot stain is below ∼ 0.15%. R 2 of the fittings are above 0.987.

. 22 shows

 22 the linear trendline of hydrostatic pressure versus the volumetric strain. Pressurevolume data were fitted using the 2 nd order Birch-Murnagnan Equation of State to determine the isothermal bulk modulus at atmospheric pressure. In this work, the K 0 value of Al-tobermorite synthesised in SCW was determined to be 75 ± 2 GPa, which corresponds exactly with the theoretical value predicted through simulations by Manzano et al. for anomalous 11 Å tobermorite[START_REF] Manzano | Mechanical properties of crystalline calcium-silicate-hydrates: comparison with cementitious C-S-H gels[END_REF]. In a recent HP-XRD study on natural 11 Å tobermorite samples reported by Dupuis et al. the bulk modulus of a normal and an anomalous specimens were found being equal to 71 ± 4 GPa and 63 ± 2 GPa, respectively[START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF]. In their work, the lower K 0 value of anomalous tobermorite was associated to the higher Al content in that sample (Al/Si = 0.25) than in the normal one (Al/Si = 0.1). In fact, it has been proposed that the Al-O bond is softer and longer than the Si-O bond, and at the same time, the Al-O-Al angles are more malleable than the Si-O-Si or Si-O-Al bonds[START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF].

Figure 3 . 22 :

 322 Figure 3.22: Volumetric strain determined at different hydrostatic pressure values. The data were fitted with 2 nd order BM-EoS to determine K 0 . The uncertainty of pressure is estimated to be about ± 0.15 GPa. R 2 of the fitting is 0.996.

Figure 3 . 23 :

 323 Figure 3.23: Fingerprint of tobermorite nanomineral synthesised in supercritical water (400 • C and 25 MPa, in 8 s).

3. 5 .

 5 FINGERPRINT OF TOBERMORITE NANOMINERAL SYNTHESISED IN SCWAs a conclusion of these results, it can be stated that the supercritical hydrothermal flow synthesis allows producing model nanominerals by mimicking natural environments at high temperatures and pressures. As-synthesised xonotlite and tobermorite represent two synthetic highly crystalline materials characterised by different physicochemical properties that depend on the presence of calcium hydroxide and silicon hydroxide groups. Therefore, these model systems offer the opportunity to rigorously describe the relationship between the dynamics of nanoconfined water and the local material chemistry in calcium silicate hydrates. In particular, the effect of the local chemical environments, either Si-OH or Ca-OH, on the hydrogen bond network and on dynamics of nanoconfined water will be discussed in the next section.
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 6 CORRELATION BETWEEN THE DYNAMICS OF CONFINED WATER AND THE LOCAL CHEMICAL ENVIRONMENTS IN XONOTLITE AND TOBERMORITE only in the spectrum of xonotlite; this bonding is exclusively contained in the xonotlite structure and thus is characteristic of this mineral.

Figure 3 . 24 :

 324 Figure 3.24: IR spectra of tobermorite (red curve) and xonotlite (blue curve) synthesised under supercritical conditions at 400 • C and 25 MPa[START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF]. For comparison, the IR spectrum of portlandite, collected from the RRUFF database[START_REF] Lafuente | The power of databases: the RRUFF project[END_REF], is reported in black.

Full comprehension of the

  hydrogen bond network in xonotlite and tobermorite has THE LOCAL CHEMICAL ENVIRONMENTS IN XONOTLITE AND TOBERMORITE been obtained with further investigation in the 2800 -3800 cm -1 region by micro-Raman spectroscopy. The spectrum of xonotlite shown in Figure 3.25 displays two groups of Raman-active vibrations.
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 325 Figure 3.25: Raman spectra of tobermorite (red curve) and xonotlite (blue curve) synthesised under supercritical conditions at 400 • C and 25 MPa [191].

Figure 3 .

 3 Figure 3.26: 1 H MAS NMR spectrum of xonotlite. The fitted curves are presented togetherwith the respective contributions percentage[START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

3. 6 .

 6 CORRELATION BETWEEN THE DYNAMICS OF CONFINED WATER AND THE LOCAL CHEMICAL ENVIRONMENTS IN XONOTLITE AND TOBERMORITEthe results reported by Colombet et al. for numerous polycrystalline calcium hydrosilicate materials[START_REF] Colombet | Nuclear Magnetic Resonance Spectroscopy of Cement-Based Materials[END_REF].

Figure 3 .

 3 Figure 3.27: 1 H MAS NMR spectrum of tobermorite. The fitted curves are presented togetherwith the respective contributions percentage[START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

Figure 3 . 28 :

 328 Figure 3.28: Thermogravimetric curves of (a) tobermorite and (b) xonotlite synthesised undersupercritical conditions[START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

Figure 3 . 29 :

 329 Figure 3.29: Imaginary part ( ) of the dielectric spectra of nanominerals at different temperatures: tobermorite at (a) 100 K and (c) 200 K and xonotlite at (b) 100 K and (d) 160 K.The solid lines represent the fits to the experimental data. The dashed lines represent the relaxation corresponding to processes 1, 2, and 3[START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

Figure 3 . 30 :

 330 Figure 3.30: Temperature dependence of relaxation times related to the observed dynamics in tobermorite (in red) and xonotlite (in blue) synthesised in SCW.The inset shows the fit for each P1 process, together with the calculated fit equations used to determine the τ 0 and E a values[START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF].

3. 6 .

 6 CORRELATION BETWEEN THE DYNAMICS OF CONFINED WATER AND THE LOCAL CHEMICAL ENVIRONMENTS IN XONOTLITE AND TOBERMORITE 1 H SSNMR. Sulpizi et al. have shown that the orientation and distribution of hydroxyl

Figure 3 . 31 :

 331 Figure 3.31: Schematic representation of the correlation between the chemical structure of xonotlite and tobermorite and its effect on nanoconfined water dynamics based on the results of this work [191].

  proposed a simple model to elucidate this autocatalytic acceleration effect, as shown in Figure 4.1. They suggested that, while during a normal unseeded hydration process the nucleation takes place only on or near the clinker particle surfaces (Figure 4.1(a)), the C-S-H seeds addition leads to further hydration product formation within the 4.1. XONOTLITE AND TOBERMORITE AS NANOADDITIONS IN CEMENT PASTE pore space between the clinker particles (Figure 4.1(b)). Consequently, the seeding effect impacts positively the microstructure homogeneity by decreasing the capillary porosity. To complete this model, it has been suggested that synthetic calcium-silicate-hydrate particles could also adsorb calcium and hydroxide ions from the aqueous solution. This phenomenon would create a local concentration gradient away from the clinker particles, which might accelerate C 3 S dissolution and the hydration by shortening the induction period [213, 216].

Figure 4 . 1 :

 41 Figure 4.1: Schematic representation of the cement hydration process. (a) Few minutes after mixing an unseeded cement clinker with water, the hydration product (principally the C-S-H gel) nucleates and grows on and around the clinker particle surface. After several hours, further nucleation and growth are limited by the hydrated layer's thickness, leading to capillary porosity. (b) The addition of C-S-H seeds in cement leads to the hydration product to nucleate on both the clinker particles surface and around the seeds present in the region within the clinker particles, promoting the early hydration (adapted from [214]).

Figure 4 . 2 :

 42 Figure 4.2: Heat flow measured over time during the hydration of reference cement paste and seeded cement pastes (xonotlite addition 0.5 and 1 wt.%).

4. 1 .

 1 XONOTLITE AND TOBERMORITE AS NANOADDITIONS IN CEMENT PASTEthat grow at the same time.

Figure 4 . 3 :

 43 Figure 4.3: Cumulative heat measured over time during the hydration of reference cement paste and seeded cement pastes (xonotlite addition 0.5 and 1 wt.%).

4. 1 .

 1 XONOTLITE AND TOBERMORITE AS NANOADDITIONS IN CEMENT PASTE 48 h. These results imply that our xonotlite, besides influencing the C-S-H gel nucleation, continues affecting the hydration process after tens of hours. The evolution of hydration when tobermorite particles are added is shown in Figures 4.4and 4.5.

Figure 4 . 4 :

 44 Figure 4.4: Heat flow measured over time during the hydration of reference cement paste and seeded cement pastes (tobermorite addition 0.5 and 1 wt.%).

Figure 4 . 5 :

 45 Figure 4.5: Cumulative heat measured over time during the hydration of reference cement paste and seeded cement pastes (tobermorite addition 0.5 and 1 wt.%).

4. 1 .

 1 XONOTLITE AND TOBERMORITE AS NANOADDITIONS IN CEMENT PASTEby X-ray computed microtomography. As we will show in the next section, this technique allows the study of depletion of the unhydrated clinker particles over time, by analysing the samples at a specific hydration stage. The acceleration effect of our nanominerals, already observed by calorimetry, has been further confirmed by X-ray computed microtomography.

  plored the microstructural changes which occur in cement paste during hydration through direct imaging by µCT [225, 226]. In these types of experiments, the transmission signal produces a tomograph with different attenuation contrasts. The technique allows differentiating voids (pores or cracks), aggregates, anhydrous phases, and hydration products into the cement paste, as shown in Figure 4.6.

Figure 4 . 6 :

 46 Figure 4.6: Morphological features of different components in cement paste specimen: voids, cracks, unhydrated clinker particles and hydration product.

Figure 4 . 7 :

 47 Figure 4.7: Schematic diagram of the tomographic data processing carried out in this work.

Figure 4 . 8 ,

 48 the seeded pastes (mostly that one with 1 wt.% xonotlite) exhibit a lower fraction of unreacted material (in orange) if compared to the reference specimen at the same hydration age, 7 h.

Figure 4 . 8 :

 48 Figure 4.8: Visualisation of the reconstructed 3D µCT images of (a) reference sample, (b) 1 wt.% tobermorite, and (c) 1 wt.% xonotlite seeded cement pastes obtained with Tomviz. The µCT tomograms were acquired at 7 h of hydration for all samples. Yellow circles indicate unhydrated clinker particles, which appear bigger in size in the reference sample than in the seeded pastes.

4. 1 .

 1 XONOTLITE AND TOBERMORITE AS NANOADDITIONS IN CEMENT PASTE

Figure 4 . 9 :

 49 Figure 4.9: Distribution of mean radius of unhydrated particles (µm) determined for reference and seeded cement pastes at (a) 7 h and (b) 36 h.

CaSiO 3

 3 mineral grows in two structurally different forms which differ for the polymerisation of silicate tetrahedra: high temperature and low temperature wollastonite. The high temperature phase, stable above 1150 • C, is labelled α-wollastonite or pseudowollastonite. Its crystal structure exhibits an alternate stacking of layers of Si-tetrahedral rings and distorted-bicapped Ca octahedra along [001], as shown in Figure 4.10(a) [235, 236].

Figure 4 . 10 :

 410 Figure 4.10: Structure of (a) α-wollastonite and (b) β-wollastonite. The black rectangle represents the limits of the unit cell. The CIF files with the reference structures were collected from the ICSD database [160].

3 O 9

 39 rings consist of three corner-shared SiO 4 silicate tetrahedra; instead, the Ca-polyhedra is formed by eight oxygens, with six of them in an octahedral arrangement, and the other two are bridging oxygens from the Si 3 O 9 ternary rings, placed one above and one below the octahedron. Different polytypes of pseudowollastonite have been identified depending on the stacking arrangement of the Si-tetrahedral rings[START_REF] Yamanaka | The structure and polytypes of α-CaSiO 3 (pseudowollastonite)[END_REF].The low temperature phase, stable below 1150 • C, is labelled β-wollastonite or wollastonite. This mineral consists of infinite dreierketten single-chains with three SiO 4 tetrahedra in the repeat unit, as shown in Figure4.10(b). The chains are linked to Ca atoms in distorted octahedral coordination with Ca-O bond lengths within 2.22 and 2.65 Å[START_REF] Seryotkin | Natural pseudowollastonite: Crystal structure, associated minerals, and geological context[END_REF]; both silicate and Ca-polyhedra chains are placed parallel to the b-axis. Due to the size mismatch between SiO 4 repeat units and the Ca-layer, the tetrahedra are shifted relative to each other to accommodate their apices into the octahedral apices[START_REF] Mazzucato | Wollastonite polytypes in the CaO-SiO 2 system[END_REF]. Depending on the different packing arrangements of (100) slabs along the a-axis, several natural polytypes have been identified, as displayed in Figure4.11[START_REF] Mazzucato | Wollastonite polytypes in the CaO-SiO 2 system[END_REF][START_REF] Wenk | Polymorphism of wollastonite[END_REF][START_REF] Henmi | 7T wollastonite from Fuka, Okayama prefecture[END_REF][START_REF] Henmi | The 3T, 4T and 5T polytypes of wollastonite from Kushiro, Hiroshima Prefecture, Japan[END_REF].

Figure 4 . 11 :

 411 Figure 4.11: Crystal structures of wollastonite polytypes along the c-axis: (a) wollastonite-1T and (b) wollastonite-2M; (c) Schematic representation of stacking sequences of the a[(100) module] slabs for wollastonite polytypes according to Henmi et al. [242]. The unit cells are delimited by thick lines. Si tetrahedra, Ca and O atoms are depicted in yellow, purple and light blue, respectively [238].

4. 2 .Figure 4 .

 24 Figure 4.11(c) [START_REF] Henmi | 7T wollastonite from Fuka, Okayama prefecture[END_REF][START_REF] Henmi | The 3T, 4T and 5T polytypes of wollastonite from Kushiro, Hiroshima Prefecture, Japan[END_REF]. The monoclinic polytype wollastonite-2M is commonly known

  As previously introduced, the phase transition of xonotlite into β-wollastonite is reported in the literature at temperatures around 800 • C. The structural changes involve shearing the double dreierketten chains in xonotlite along the b-axis to form the typical single chain of wollastonite, together with the associated Si-tetrahedral tilting and Ca atom displacements [32]. The activation energy required from this phase transition is related to the breaking of Ca-O and Si-O-Si bonds in xonotlite and to the reorganisation and formation of new ones typical of wollastonite [239]. Shaw et al. have studied the in situ dehydration of xonotlite and the consequent recrystallisation of wollastonite by synchrotron small-and wide-angle X-ray scattering (SAXS/WAXS) [92]. In this study, they observed the peaks of wollastonite appearing at about 780 • C. The results have shown that by continuously increasing the temperature, the intensities of the characteristic wollastonite peaks increase progressively and those of xonotlite decrease. At about 815 • C, equal proportions of xonotlite and wollastonite were distinguished in the specimen. Finally, xonotlite phase was no longer detectable and single phase β-wollastonite was identified at about 835 • C. Furthermore, it was observed that the dehydration and recrystallisation processes occur simultaneously and go to completion in 4.2. SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATION about 11 minutes. Afterwards, a rapid and continuous increase of the peaks intensities related to wollastonite was detected, with a maximum value registered at 855 • C. In our study, the dehydration of xonotlite prepared in this work via SHFS, was firstly investigated by thermogravimetric analysis TGA-MS. The weight and the derivative weight loss responses of xonotlite within the temperature range 25 -1100 • C are shown in Figure4.12(a). The material exhibits a total weight loss of 5.6% during the whole process corresponding to different phenomena, as typically observed in calcium silicate hydrate materials[START_REF] Shaw | Hydrothermal formation of the calcium silicate hydrates, tobermorite (Ca 5 Si 6 O 16 (OH) 2 • 4H 2 O) and xonotlite (Ca 6 Si 6 O 17 (OH) 2 ): an in situ synchrotron study[END_REF][START_REF] Tränkle | Conventional and microwave assisted hydrothermal syntheses of 11 Ȧ tobermorite[END_REF][START_REF] Vakifahmetoglu | Zeolite decorated highly porous acicular calcium silicate ceramics[END_REF][START_REF] Rodriguez | Thermal stability of C-S-H phases and applicability of Richardson and Groves' and Richardson C-(A)-S-H(I) models to synthetic C-S-H[END_REF].

Figure 4 . 12 :

 412 Figure 4.12: (a) Thermogravimetric curves in the range 25 -1100 • C of weight loss (in red) and derivative weight loss (in blue) of xonotlite synthesised in this work; (b) Mass spectrometry of the exhaust from the TGA experiment for m/z = 18 (water), m/z = 30 (NO x ) and m/z = 44 (CO 2 ).
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 2 Figure 4.13.

Figure 4 . 13 :

 413 Figure 4.13: (a) PXRD pattern of pristine xonotlite acquired at room temperature before starting heating. HT-PXRD patterns were acquired in situ during a heating treatment of xonotlite samples at (b) 700 • C, (b) 800 • C, and (d) 900 • C for 1 h.

Figure 4

 4 Figure 4.14.

Figure 4 . 14 :

 414 Figure 4.14: Evolution of water density (kg/m 3 ) at T = 500 • C over the pressure range 1 -25 MPa. The red circles indicate the values of pressure (density) employed in this study. The data were collected from the NIST database [126].

Figure 4 . 15 :

 415 Figure 4.15: Experimental set-up for the synthesis of wollastonite upon xonotlite dehydration. The principal part of the system is a batch reactor made in Inconel. All the connections, tubes (external section 1/8 inch, i.e. 3.175 mm) in the upper part of the set-up, and the manometer are built-in stainless steel.

Figure 4 . 16 :

 416 Figure 4.16: Temperature-pressure profiles show the evolution of temperature T and pressure p over time. The data were acquired during the heating step of a synthesis in which 6 mL of water were loaded into the batch reactor.

Figure 4 . 17 :

 417 Figure 4.17: (a) PXRD pattern of pristine xonotlite phase. PXRD patterns of samples synthesised upon hydrothermal dehydration at 500 • C for 1 h at different pressure values: (b) 16 MPa, (c) 8 MPa and (d) 2 MPa. The pattern of pristine xonotlite in (a) shows the characteristic (320) diffraction peak at 28.9 • (2θ • ), while the characteristic (320) diffraction peak of wollastonite appears at 30.1 • (2θ • ) in the other diffraction patterns.

4. 2 .

 2 SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATIONWith the aim of correlating the effect of the experimental parameters on the hydrothermal dehydration process, powder X-ray diffraction measurements were carried out. The PXRD patterns of the materials synthesised in the batch reactor in 1 h at 500 • C and different pressure values are shown in Figure4.17. The hydrothermal treatment leads to the partial (at 2 and 16 MPa) or complete (at 8 MPa) conversion of xonotlite into wollastonite, as indicated from the presence of the characteristic (320) diffraction peak of wollastonite at 30.1 • (2θ • ) in the diffraction patterns in Figure 4.17(b), (c) and (d).

Figure 4 .

 4 Figure 4.18(a), the diffraction pattern of pristine xonotlite (yellow spectrum), recorded at room temperature, perfectly matches with that of the standard reference reported for this material in the PDF file no. 00-023-0125. Therefore, no changes have been detected, in terms of positions (2θ) and intensities of the peaks, during the heating treatment over time. Consequently, we can state that a conventional heating process at 500 • C does not lead to the transformation of xonotlite in wollastonite.

Figure 4 . 18 :

 418 Figure 4.18: (a) PXRD pattern of pristine xonotlite acquired at room temperature before starting heating. Isothermal HT-PXRD patterns acquired in situ during a conventional heating treatment at 500 • C and different times: (b) 30 min, (c) 1 h, (d) 2 h, (e) 4 h, (f) 6 h, (g) 8 h, and (h) 10 h. Each peak is identified by the corresponding Miller indices as reported in the PDF file no. 00-023-0125 of monoclinic xonotlite (space group P2/a).

  Figure 4.19 displays the patterns of the two polytypes, which differ only in some weak reflections.

Figure 4 . 19 :

 419 Figure 4.19: Simulation of the XRD patterns of triclinic (space group P 1) and monoclinic (space group P2 1 /a) β-wollastonite performed with FullProf based on the CIF files of the mineral polytypes. The inset shows a zoom-in of the range 18 -34 • (2θ • ) where the slight differences between the two patterns are the most noticeable.

Figure 4 . 20 :

 420 Figure 4.20: Profile Matching plot of sample P16 synthesised at 500 • C and 16 MPa. In the top, the measured (purple circles) and calculated (black curve) patterns are displayed; in the bottom, the difference curve between them is shown (blue line). Five crystalline phases were distinguished: (a) wollastonite-2M, (b) xonotlite, (c) aragonite, (d) vaterite, and (e) calcite, as identified from their respective reflection positions (green bars).

Figure 4 . 21 :

 421 Figure 4.21: Rietveld refinement plot of sample P8 synthesised at 500 • C and 8 MPa. In the top, the measured (purple circles) and calculated (black curve) patterns are displayed; in the bottom, the difference curve between them is shown (blue line). Two crystalline phases were distinguished, (a) wollastonite-2M, and (b) calcite, as identified from their respective reflection positions (green bars).

  (5.69 kg/m 3 ) includes a mix of different phases. The performed Profile Matching revealed the presence of xonotlite, wollastonite-1T and CaCO 3 polymorphs: aragonite, calcite and vaterite, as shown in Figure 4.22. The first important information on the dehydration process that can be gathered from this analysis regards the type of wollastonite. The sample synthesised at 2 MPa contains wollastonite-1T, as indicated by the presence of the peak at 30.7 • (2θ • ), typical of the triclinic structure (Figure 4.19).

Figure 4 . 22 :

 422 Figure 4.22: Profile Matching plot of sample P2 synthesised at 500 • C and 2 MPa. In the top, the measured (purple circles) and calculated (black curve) patterns are displayed; in the bottom, the difference curve between them is shown (blue line). Five crystalline phases were distinguished: (a) wollastonite-1T, (b) xonotlite, (c) aragonite, (d) calcite, and (e) vaterite, as identified from their respective reflection positions (green bars).

Figure 4 .

 4 23 displays the diffraction patterns of wollastonite samples synthesised upon treatment of xonotlite at 500 • C and 8 MPa for 1 and 2 h, respectively.

Figure 4 . 23 :

 423 Figure 4.23: PXRD patterns of wollastonite samples synthesised upon hydrothermal dehydration treatment of xonotlite at 500 • C and 8 MPa for (a) 1 h and (b) 2 h. The principal diffraction peaks are identified by the corresponding Miller indices, according to PDF no. 43-1460 of wollastonite-2M reported in the ICDD database.

4. 2 .

 2 SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATIONIn this work, we have reported the proof of concept of hydrothermal dehydration of xonotlite to form wollastonite at low temperature. Furthermore, the effect of pressure and time on the hydrothermal dehydration was investigated. The results have shown that at high and low pressure values, 16 MPa, and 2 MPa, respectively, a mix of xonotlite and wollastonite is obtained. On the other hand, the optimal conditions to get a complete phase transformation of xonotlite into wollastonite are 500 • C, 8 MPa and 1 h. The further increasing of the synthesis time up to 2 h does not affect the dehydration process itself but only slightly increases the crystallinity of the material.

Figures 4. 24

 24 

  (a) and(b) shows that the original shape of xonotlite crystals, used as pristine material, is still preserved. This result could be attributed to the similar crystal structure between xonotlite and wollastonite, and agrees with previous studies on β-CaSiO 3 particles obtained by calcination of xonotlite at 800 • C for 2 h[START_REF] Lin | A simple method to synthesize single-crystalline β-wollastonite nanowires[END_REF][START_REF] Li | Synthesis of wollastonite single crystal nanowires by a novel hydrothermal route[END_REF]. The dehydrated phase exhibits a fibre-like morphology with a size of approximately 0.5 -1 µm in length and 60 -120 nm in width.Wollastonite fibres were also investigated by HR-TEM and selected-area electron diffraction (SAED). In Figure 4.25(a), HR-TEM image of a single fibre confirms the high crystallinity of the synthesised material, already observed by PXRD. High magnification imaging allows identifying the lattice fringes, and accurately measuring the interplanar spacing (0.77 nm) corresponding to (200) atomic planes of β-wollastonite, Figures 4.25

  (b) and (c).The SAED pattern in Figure4.25(d) displays discrete bright spots related to the characteristic diffractions of wollastonite crystal structure in [001] zone axis, confirming the well-crystallised and single crystal nature of the material. From that analysis, the lattice parameters were determined being a = 1.536 nm, b = 0.728 nm, and c = 0.708 nm.

Figure 4 . 24 :

 424 Figure 4.24: HR-SEM images of wollastonite fibres at different magnifications (a) ×4,000 and (b) ×65,000. The images were acquired using acceleration voltage and working distance equal to 15 kV and 3 mm, respectively.

Figure 4 . 25 :

 425 Figure 4.25: (a) and (b) HR-TEM images showing the ordered and well arranged crystal lattice of wollastonite fibres. (c) Distance profile, derived from the light blue region in (b), representing the interplanar spacing of 0.77 nm between (200) planes. (d) SAED pattern, obtained from the region marked in (b), indicates the characteristic reflection of wollastonite from (200) and (020) families of lattice planes.

4. 2 .

 2 SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATION As described in section 4.2.1, the structure of β-wollastonite consists of three crystallographic different silicon sites Si1, Si2, and Si3, Figure 4.26(a), characterised by different Si-O-Si bond angles, Si-O nb distances and Si-O b distances, respectively, where O nb stands for non-bridging and O b for bridging oxygen atoms.

Figure 4 . 26 :

 426 Figure 4.26: (a) Representation of the silicon environments in wollastonite-2M as reported in the crystal structure proposed by Hesse [245]. The CIF file was collected from the ICSD database [160]; (b) 29 Si MAS NMR spectrum of wollastonite synthesised upon hydrothermal dehydration of xonotlite at 8 MPa and 500 • C in 1 h. The fitted curves are presented together with the respective contributions percentage. The assignment of the peaks to the three different silicon sites is the one reported by Florian et al. [267]. The inset shows a zoom-in of the range within -85 and -92 ppm, where the extra shoulders associated with wollastonite-1T are more noticeable.

4. 2 .

 2 SYNTHESIS OF CALCIUM SILICATE MATERIALS UPON DEHYDRATION -89.6 ppm, as shown in the inset of Figure4.26(b). Hence, it seems they refer to a similar local environment as in monoclinic wollastonite since they are only displaced in position by a value within 0.4 and 0.6 ppm. This similarity suggests that these signals could be attributed to the presence of a few traces of wollastonite-1T polytype. The absence of a

  [START_REF] Mazzucato | Wollastonite polytypes in the CaO-SiO 2 system[END_REF]. They investigated the kinetics of crystallisation of different wollastonite polytypes, within the range 700 -1000 • C, through in situ synchrotron X-ray diffraction analysis. Using CaO and SiO 2 powders as starting material, they identified the crystallisation sequence as described below. First, crystallisation of 1T polytype occurs at 900 -950 • C; then, the partial transition into dislocation-faulted triclinic wollastonite (metastable disordered 1Td phase) follows as a result of shear along b-axis. Lastly, both 1T and 1Td phases transform into wollastonite-2M around 1000 -1100 • C[START_REF] Mazzucato | Wollastonite polytypes in the CaO-SiO 2 system[END_REF]. This evidence represents a further confirmation of our PXRD results regarding the former phase transition from xonotlite to wollastonite-1T, successively followed by the formation of wollastonite-2M.

Figure 4 . 27 :

 427 Figure 4.27: IR spectrum, acquired in the range 1800 -400 cm -1 , of wollastonite synthesised upon hydrothermal dehydration of xonotlite at 500 • C, 8 MPa in 1 h. The asterisk denotes C-O stretching mode related to carbonate impurity.
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 1 kg of xonotlite or tobermorite at the lab-scale as well as extrapolated at the industrial scale. This analysis was carried out in collaboration with the Ph.D. student Alexandre Charpentier Poncelet and the Assistant Professor Philippe Loubet of the research group Life cycle Assessment and Sustainable Chemistry (CyVi) at Institute of Molecular Sciences (ISM) led by Prof. Guido Sonnemann.

Figure 5 . 1 :

 51 Figure 5.1: Scheme of the life cycle assessment of a product.

Figure 5 . 2 :

 52 Figure 5.2: Schematic representation of the life cycle assessment methodology and its 4 phases, as reported in ISO 14040 [277].

  the precursors concentration was determined by considering the solubility of the precursors employed for the synthesis of xonotlite, i.e. sodium metasilicate nonahydrate and calcium nitrate tetrahydrate. The precursor with the lower solubility is Na 2 SiO 3 • 9H 2 O (380 g/L), which limits at the industrial scale the maximal molar concentration at 1.3 mol/L. The LCA analysis was thus performed for two different concentrations of xonotlite production to investigate the effect of the precursor concentrations. The lab-scale default scenario involves the production of 5.2 g/L of xonotlite, whereas the industrial scale scenario allows to produce 69.3 g/L (Sc2).

T 20 C

 20 p dT (5.1) where C p is the heat capacity of water (J/kg • C) at a fixed pressure. The evolution of heat capacity is not linear within the range of temperature 20 -400 • C, as shown in Figure 5.4.

Figure 5 . 4 :

 54 Figure 5.4: Evolution of the heat capacity from 20 to 400 • C at p = 25 MPa. The red line defines the limited temperature region, 20 -325 • C, used to calculate the evolution of C p for the synthesis at 325 • C (Sc3). The data were collected from the NIST database [126].

  Powder X-ray diffraction patterns of xonotlite synthesised at these two temperature values are reported in Figures 5.5

  (a) and (b) to confirm the good crystallinity of the material phase.

Figure 5 . 5 :

 55 Figure 5.5: Powder X-ray diffraction patterns of xonotlite synthesised at (a) 325 and (b) 400 • C by using calcium nitrate tetrahydrate, and (c) 400 • C employing calcium chloride dihydrate, respectively. In black, the positions and intensities of the diffraction peaks as reported in PDF file no. 00-023-0125 of monoclinic xonotlite (space group P2/a) are shown.
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 5 Figure 5.5(c).

  The impact categories and category indicators are selected to properly reflect the LCI results on the category endpoints. According to ISO 14042, there are three broad groups of category endpoints which define the main areas of protection as: damage to human health, damage to ecosystems and damage to resource availability[289]. Multiple impact categories may lead to damage on these areas of protection, such as global warming, stratospheric ozone depletion, human toxicity, water consumption, etc. The impact categories can be classified as shown in Figure5.6.Once the environmental impact categories are defined, the classification step assigns each elementary flows of the inventory (extraction flows and emission flows) to a corresponding impact category. As an example, the impacts related to NO x emissions can be classified to contribute to both ozone formation and acidification categories. Finally, the third step converts the elementary flows of LCI into a limited number of environmental impact scores and aggregates the converted results within the same impact category. This conversion is done by multiplying the inventory results by the respective characterisation factors, which specify the environmental impact per unit of resource extracted or emission released. As a results, different emissions and resources consumption can be expressed in terms of a mass released, as 1 kg, per functional unit into the environment, and can thus 5.4. LIFE CYCLE IMPACT ASSESSMENT: EVALUATION OF IMPACT CATEGORIES be aggregated, compared and evaluated. For example, the relative contributions of several gases to climate change are usually grouped and compared in terms of CO 2 -equivalent using global warming potentials [290].

Figure 5 . 6 :

 56 Figure 5.6: Overview of the impact categories considered in the ReCiPe2016 method (on the left) and their related areas of protection (on the right).

  individualist (I), egalitarian (E), and hierarchist (H)[START_REF] Huijbregts | ReCiPe2016: a harmonised life cycle impact assessment method at midpoint and endpoint level[END_REF]. The individualist is based on the short-term interest, neglecting the hazard of a near fossil fuels depletion, takes into account only a short time frame (i.e. 20 years) for global warming. The hierachist perspective involves the most common policy principles regarding time frame and other issues, using the medium time frame (i.e. 100 years) for global warming. Lastly, the egalitarian is the most precautionary perspective considering the most prolonged time frame for global warming (i.e. 1000 years) and giving more importance to the ecosystem quality. In this work we employed the hierarchist assessment to perform the analysis. The potential environmental impacts for the production of 1 kg of xonotlite and tobermorite are shown in Appendix C, Tables C.1 and C.2, respectively.

Figure 5 . 7 :

 57 Figure 5.7: Relative contributions from critical life cycle stages to the default lab-scale scenario (no heat recovery) for the production of 1 kg of xonotlite via the supercritical hydrothermal flow pathway (400 • C, 25 MPa) using calcium nitrate as Ca-source.

  43 L, compared to the lab-scale synthesis, 192.96 L, to produce 1 kg of xonotlite. The impact results for scenario 2, covering the maximal concentration of precursors to generate an output of 69.3 g/L of xonotlite, are shown in Figure 5.9. As the required volume of water is reduced by 92.5% in comparison to scenario 1, the relative contributions of heat generation to the total impacts, and those of water treatment, are further reduced for most categories.Consequently, precursors have the most crucial contribution to life cycle impacts in this scenario. The cumulated impacts of precursors are now found to be over 90% for 15 out of 18 categories, exceptions being stratospheric ozone depletion, marine eutrophication and water consumption. In particular, the average total impacts across all categories were 42.2% and 48.7% for sodium metasilicate and calcium nitrate, respectively.

Figure 5 . 9 :

 59 Figure 5.9: Relative contributions from critical life cycle stages to scenario 2: industrial scale synthesis for the production of 1 kg of xonotlite via the supercritical hydrothermal flow pathway (400 • C, 25 MPa) using calcium nitrate as Ca-source and including a heat exchanger (90% efficiency).

d) Scenario 3 :

 3 optimising the operating temperature valueIn scenario 3, we further investigated whether or not reducing the operating temperature of the process could be a viable option (Figure5.10). The results have shown that by decreasing the temperature of 75 • C the average impact of energy across the 18 categories is reduced from 0.7% for Sc2 to 0.4% for Sc3, giving rise to energy savings of 42.9% due to heat reduction. More in details, lower temperature impacts the relative contribution of energy, with a relative decrease of ∼ 1% and ∼ 2% for global warming and fossil resource scarcity categories, respectively.

Figure 5 . 10 :

 510 Figure 5.10: Relative contributions from critical life cycle stages to scenario 3: industrial scale synthesis for the production of 1 kg of xonotlite via the nearcritical flow synthesis pathway (325 • C, 25 MPa) using calcium nitrate as Ca-source and including a heat exchanger (90% efficiency).

Figure 5 . 11 :

 511 Figure 5.11: Environmental impacts related to the production of 1 kg of chemical precursors: sodium metasilicate pentahydrate, calcium nitrate and calcium chloride.

Figure 5 . 12 :

 512 Figure 5.12: Relative contributions from critical life cycle stages to scenario 4: industrial scale synthesis for the production of 1 kg of xonotlite via the supercritical hydrothermal flow pathway (400 • C, 25 MPa) using calcium chloride as Ca-source and including a heat exchanger (90% efficiency).

Figure 5 . 13 :

 513 Figure 5.13: Comparison between the environmental impacts related to the three different precursors (sodium metasilicate pentahydrate, calcium nitrate and calcium chloride) for the production of 1 kg of xonotlite via the supercritical hydrothermal flow pathway.

Figure 5 . 14 :

 514 Figure 5.14: Relative contributions from critical life cycle stages to the default lab-scale scenario (no heat recovery) for the production of 1 kg of tobermorite via the supercritical hydrothermal flow pathway (400 • C, 25 MPa).

Figure 5 .

 5 Figure 5.14 shows the environmental impacts related to the synthesis of 1 kg of tobermorite at the lab scale scenario, which results in the production of 2.9 g of material particles

b) Scenario 5 :

 5 minimising the heat consumptionAfter considering the use of a heat exchanger (90% efficiency), the impact of energy was reduced to less than 15% for 15 out of 18 categories, exceptions being global warming, marine ecotoxicity and fossil resources scarcity categories, as shown in Figure5.15.

Figure 5 . 15 :

 515 Figure 5.15: Relative contributions from critical life cycle stages to scenario 5: lab-scale production of 1 kg of tobermorite via the supercritical hydrothermal flow pathway (400 • C, 25 MPa) including a heat exchanger (90% efficiency).

c) Scenario 6 :

 6 optimising the precursors concentration In Figure 5.16 the relative contributions from critical life cycle stages to the industrial scale production of 1 kg of tobermorite via SHFS pathway are shown.

Figure 5 . 16 :

 516 Figure 5.16: Relative contributions from critical life cycle stages to scenario 6: industrial scale synthesis for the production of 1 kg of tobermorite via the supercritical hydrothermal flow pathway (400 • C, 25 MPa) including a heat exchanger (90% efficiency).

5. 5 .

 5 INTERPRETATION OF RESULTS

Figure 5 . 17 :

 517 Figure 5.17: Comparison between impacts related to scenario 2 (industrial scale of xonotlite production) and scenario 6 (industrial scale of tobermorite production).

5. 5 . 4

 54 Impact to global warming category: comparison between scenariosAnother interesting comparison that can be done is related to the impact of different factors (precursors, energy, water and wastewater) on the global warming category. The results obtained for this study are reported in Figure5.18.

Figure 5 . 18 :

 518 Figure 5.18: Comparison between the absolute impacts of water, precursors, energy, and wastewater treatment on the global warming category.

2 . 3 . 4 .

 234 Choosing proper concentration and type of chemicals to improve the environmental profile, Combining technological and operational systems to minimise energy and resources consumption, Recycling materials and solvents.

  Ph.D. was carried out in the frame of the cotutelle International Doctoral Program developed between the University of Bordeaux and the University of the Basque Country. The experimental works were performed at Institut de Chimie de la Matière Condensée de Bordeaux and Centro de Física de Materiales. Moreover, a further collaboration with the research group led by Paulo J. M. Monteiro at the University of California, Berkeley, was established.The general context of the project relies on the importance of developing an innovative and profitable methodology for the production of synthetic minerals. We were particularly interested in the mineral family of calcium silicate hydrates to which belong xonotlite and tobermorite.The first technical challenge of this project was related to the design and development of a suited, innovative, home-made user-customised set-up which allows the production of significant quantities of CSH particles, ∼ 2.9 g/h of xonotlite (at M = 0.1 mol/L and 7 s) and ∼ 1.4 g/h (at M = 0.05 mol/L and 8 s) of tobermorite. The main advantage of the supercritical hydrothermal synthesis developed in a continuous reactor relies on the boosted reaction kinetic which reduces the synthesis times down to 7 and 8 s for xonotlite and tobermorite, respectively.For the synthesis of xonotlite, we have investigated the effect of temperature, pressure, and residence time. In this work, for the first time, we have shown that the formation of xonotlite takes place in a wide range of temperatures, from 250 to 350 • C at 23.5 MPa in only tens of seconds. Based on these findings, it appears clear the interest in using the SHFS as a fast, profitable, and scalable manufacturing route for producing synthetic xonotlite fibres to replace the very long conventional hydrothermal methodology. Furthermore, we have observed that under supercritical conditions (400 • C at 25 MPa) to avoid the crystallisation of other phases, and obtain highly crystalline single-phase xonotlite, the residence time must be reduced to 7 s.

ulus K 0

 0 than what is commonly observed for other synthetic tobermorite specimens. The study of the mechanical properties, performed on tobermorite synthesised in supercritical water for the first time here, provides information for predicting the mineral long-term behaviour, relevant in applications concerning the design of cement-based materials with Al-tobermorite.Thanks to the advantages offered by SHFS in mimicking the environments at high temperature and pressure of the geological process, we have produced xonotlite and tobermorite minerals very close to the natural counterparts. Thanks to these properties, our materials represent an excellent model system for disclosing the correlation between the dynamics of nanoconfined water and the local chemical environments in calcium silicate hydrate nanominerals. Based on a combination of spectroscopic techniques, a refined picture of water dynamics in these materials was possible, allowing the univocal assignments of each dielectric relaxation process to a specific structural origin. In particular, we have observed that the ordered "ice-like" solvation water in the Si-OH-rich environments of tobermorite transforms into a disordered "liquid-like" solvation water in the Ca-OH-enriched environment of xonotlite.Following this line, it appears clear the interest in this technology for synthesising other calcium silicate hydrates with different Ca/Si ratios. In this work, we have also tried to implement the production of minerals as jennite (Ca/Si = 1.5), hillebrandite (Ca/Si = 2) and jaffeite (Ca/Si = 3), by increasing the Ca content in the precursor solution. The syntheses were performed using the same parameters employed for xonotlite, 400 • C and 25 MPa and fast residence time, 7 s. The results have shown that independently from the Ca content in the precursor solution, the synthesised phase under these conditions was xonotlite.

Figure A. 1 :

 1 Figure A.1: Working principle of X-ray diffraction: (a) interaction between X-ray beam and atom, (b) interaction between X-ray beam and atomic planes.

  viding further vibrational information of the molecules. Contrary to FTIR, Raman spectroscopy is based on an inelastic scattering process. Furthermore, Raman spectroscopy reveals vibrations involving a change in polarizability, instead of FTIR, which reveals vibrations involving a change in the dipole moment. Consequently, the two spectroscopic techniques detect phenomena, inelastic scattering and absorption, which respond to different selection rules.A.3.3 Solid-state nuclear magnetic resonance spectroscopySolid-state nuclear magnetic resonance relies on the quantum mechanical property of some atomic nuclei to have an overall nuclear spin. The basic working principle of NMR is schematically represented in Figure A.2. In the presence of an external magnetic field of strength B 0 , the nucleus develops a quantised number of energy levels. The transitions across different levels are allowed by respecting the selection rule: ∆m = ± 1, with m the magnetic quantum number. In addition, under the effect of B 0 , the ensemble of spins generates a net magnetisation, M, parallel to the magnetic field along the z -direction (Figure A.2a). If M is perturbed and tilted away from the z -axis, a net transverse component is induced on the x-y plane. The precession of such component about the field B 0 with a frequency ν 0 (termed the Larmor frequency) generates the emission of an exponentially decaying sine wave signal, the Free Induction Decay (FID) (Figure A.2b and c). The manipulation of M is achieved by exciting the nuclei through a radio frequency (RF) pulse oscillating at the Larmor frequency,

  

  

  

  

  

  

  

  

  

  

  

  et 860,63 MJ à 47,71 et 86,06 MJ pour la xonotlite et la tobermorite, respectivement. Deuxièmement, en considérant les concentra-Résumé catif, et nous avons donc identifié un autre composé, le chlorure de calcium, qui pourrait être utilisé pour la production de xonotlite. Les résultats ont montré que le CaCl 2 réduit considérablement les impacts potentiels liés aux nitrates, c'est-à-dire l'eutrophisation et l'appauvrissement de la couche d'ozone.

	tions maximales de précurseurs, la quantité d'eau a été considérablement réduite, et par
	conséquent la quantité d'énergie requise (3,57 et 3,22 MJ pour la production de xonotlite
	et de tobermorite, respectivement). À l'échelle industrielle, la concentration maximale du
	matériau produit a été estimée à 69,3 g/L et 76,8 g/L pour la xonotlite et la tobermorite,

respectivement. À ce niveau, une fois optimisées les quantités d'énergie et d'eau, les substances chimiques ont contribué de manière significative aux impacts globaux du procédé.

En particulier, nous avons estimé que le nitrate de calcium avait l'effet le plus signifi-

  • C in 1 h. Thanks to a parametric study and an exhaustive characterisation of the materials, we propose a model to explain the phase transition at such low temperature. Contrarily to the other methodologies reported in the literature, our process does not involve multi-steps and lengthy procedures, and not even high calcination temperature.Lastly, the objective 4 will be discussed in chapter 5 through the description of the Life Cycle Assessment analysis of xonotlite and tobermorite production via supercritical flow synthesis. The impacts of the most relevant parameters, as energy, nature and concentration of precursors, will be analysed to identify where further improvements can be realised to enhance the attractiveness of the supercritical fluid technology as an environmentally sustainable synthesis methodology. Introduction to cementitious materials . . . . . . . . . . . . . . . . . . 1.1.1 History and properties of cementitious materials . . . . . . . . . . . . . . 1.1.2 Mechanisms of the cement hydration process . . . . . . . . . . . . . . . . 1.1.3 Structures of hydrated cement matrix . . . . . . . . . . . . . . . . . . . . a) Macroscale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . b) Microscale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . c) Nanoscale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 Chemistry of calcium silicate hydrate phases . . . . . . . . . . . . . . . 1.2.1 The xonotlite phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2.2 The tobermorite phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . a) 11 Å tobermorite . . . . . . . . . . . . . . . . . . . . . . . . . . . b) Al-substituted tobermorite . . . . . . . . . . . . . . . . . . . . . 1.2.3 The C-S-H gel phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2.4 Water in calcium silicate hydrate materials . . . . . . . . . . . . . . . . . 1.3 Hydrothermal synthesis of xonotlite and tobermorite . . . . . . . . . .
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  8% of the global CO 2 anthropogenic emissions. In this context, research for producing more ecological cement is a challenge of fundamental importance to reducing the environmental footprint. The sustainability can be improved by enhancing the material performance, making the life cycle of cement structures more resilient and durable.

	1.1. INTRODUCTION TO CEMENTITIOUS MATERIALS
	7 -

  2- 4 , leads to the formation of calcium trisulphoaluminate hydrate, also called ettringite (Ca 6 Al 2 (SO 4 ) 3 (OH) 12 • 26 H 2 O, in the cement chemist notation abbreviated as C 6 A SH 32

Ca 6

 6 Si 6 O 17 (OH) 2 [45]. Mamedov and Belov first described the structure of xonotlite as Kudoh et al. [45] and Hejny et al. [44] investigated the structures of different polytypisms of the mineral. Based on these studies, the basic elements of the xonotlite structure have been identified as CaO-polyhedral layer and Si 6 O 17 -double chains.

	1.2. CHEMISTRY OF CALCIUM SILICATE HYDRATE PHASES
	closely related to that of its dehydrated correspondent phase: wollastonite (CaSiO 3 ) [46].
	Furthermore, they classified xonotlite as a monoclinic crystal with space group P2/a. Later,

  The other basic xonotlite structural elements are Si 6 O 17 -double chains, bonded via sheets of edge-sharing Ca-polyhedra. Each Si 6 O 17 -double chains is formed by condensation of two wollastonite-like Si 3 O 9 -dreier-einfachketten chains[START_REF] Hejny | Polytypism in xonotlite Ca 6 Si 6 O 1 7(OH) 2[END_REF] 45,[START_REF] Mamedov | Structure of xonotlite[END_REF]. That single unit consists of repetitive silicon-oxygen tetrahedra with a periodicity of three SiO 4 . Among them, two are paired together to form Si 2 O 7 , and the third one corresponds to a single tetrahedron in bridging position to connect the paired SiO 4 . Consequently, in xonotlite, the Si 3 O 9 Ca 3.6 (H 0.8 Si 6 O 17 ) • m H 2 O, with m ≤ 2, as suggested by Grimmer et al. [47].

	1.2. CHEMISTRY OF CALCIUM SILICATE HYDRATE PHASES
	chains are linked together by sharing the apical oxygen atoms of two bridging tetrahedra,
	forming what is known as Si 6 O 17 -dreier-doppelkettedouble chain. The two double chains
	have a symmetry 2/m, being the two single chains related to each other by an inversion
	centre, a two-fold axis, and a mirror plane perpendicular to the two-fold axis [44]. The sil-
	icate double chain has the same length as two Ca-polyhedra, and thus each silicon-oxygen
	tetrahedra can be bounded to the Ca octaedra at two structurally different positions, as
	shown in Figure 1.8(c). This gives rise to a number of various xonotlite polytypes char-
	acterized by distinct relative arrangement of the Si 6 O 17 -double chains in neighbouring Ca
	sheets [44]. To study and compare the different xonotlite polytypes, a small common unit,
	labelled 'cell of hypothetical protoxonotlite (or p-xonotlite)', was defined [45, 46]. That
	unit was described with a monoclinic symmetry and cell parameters equal to a p = 8.516 Å,
	b p = 7.363 Å, c p = 7.012 Å, and β = 90.37 • [45]. Using this convention, the structures
	of different polytypes can be interpreted as distinct arrangements of the protoxonotlite
	subcell.
	In the ideal xonotlite structure, the OH groups are placed at the free apices of the cal-
	cium octahedra where any bridging silicon-oxygen tetrahedra are linked. However, several
	studies have shown that both natural and synthetic xonotlite contain an excess of water,
	which is present partially as Si-OH groups and partially as water molecules [44, 45]. As
	a consequence, the exact chemical formula should be closer to (CaOH) 2

  Si 6 O 16 (OH) 2 • 4H 2 O or Ca 5 Si 6 O 17 • 5 H 2 O [53]. Si 6 O 16 (OH) 2 • 4 H 2 O.

	1.2. CHEMISTRY OF CALCIUM SILICATE HYDRATE PHASES
	difficulties in ascertain the exact structure of the material are also related to the poorly
	crystalline character of the studied specimens.
	The first study on natural 11 Å tobermorite, in the form of fibrous aggregates (from
	Northern Ireland), was performed in 1954 [53]. Through X-ray diffraction, the material
	structure was classified with an orthorhombic symmetry, space group of C222, and unit
	cell parameters: a = 11.3, b = 7.33, and c = 22.6 Å. Two possible formulas were suggested
	as result of the study: Ca 5 Later, Megaw and Kelsey proposed a first structural model to describe this mineral [54].
	They defined 11 Å tobermorite as formed by a central layer with CaO 2 octahedra bonded on
	both sides to wollastonite-type silicate chains running along [010]. The proposed formula
	in that work was: Ca 5

  ]. More recently, Dolado et al. have proposed a model for the structure of C-S-H gel, depending on the Ca over Si ratio. At low Ca/Si ratio, the system is formed of long polymerised chains (pentamers

	1.2. CHEMISTRY OF CALCIUM SILICATE HYDRATE PHASES

  • C[START_REF] Spudulis | Influence of hydrothermal synthesis condition on xonotlite crystal morphology[END_REF]. The synthesis time strongly depends on the specific temperature value, from a minimum of few hours (∼ 17h to obtain crystalline single phase material) at 250 • C[START_REF] Diez-Garcia | Synthesis by supercritical fluids methods of advanced additions for cementitious materials[END_REF], to much longer times (133 days) at 150 • C[START_REF] Speakman | The stability of tobermorite in the system CaO-SiO 2 -H 2 O at elevated temperatures and pressures[END_REF]. Furthermore, at temperature below 200 • C, the observation of other secondary phases is often observed.

Table 1 . 3
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		Liquid Subcritical water Supercritical water Superheated vapour
	T ( • C)	25	250	400	400
	p (MPa)	0.1	5	25	0.1
	ρ (kg/m 3 )	997	800	170	0.3
		78.5	27.1	5.9	1
	η (µPa•s)	890	110	30	20

: Physiochemical properties of water as a function of pressure and temperature (liquid, subcritical, supercritical and superheated vapour domain)

[START_REF] Bröll | Chemistry in supercritical water[END_REF]

.

At room temperature and pressure (25 • C and 0.1 MPa), the density and the dielectric constant of water assume values equal to 997 kg/m 3 and 78.5, respectively. It has been 1.4. CURRENT CHALLENGES: THE SUPERCRITICAL HYDROTHERMAL FLOW SYNTHESIS

  2.1 An overview of the supercritical hydrothermal flow synthesis . . . . . 2.2 Development of a supercritical flow reactor for CSH nanoparticles production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2.1 The injection system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2.2 The reactor system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2.3 The product recovery system . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 Material characterisation techniques . . . . . . . . . . . . . . . . . . . . 2.3.1 Scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 2.3.2 Transmission electron microscopy . . . . . . . . . . . . . . . . . . . . . . . 2.3.3 Powder X-ray diffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3.4 Fourier transform infrared spectroscopy . . . . . . . . . . . . . . . . . . . 2.3.5 Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.3.6 Solid-state nuclear magnetic resonance spectroscopy . . . . . . . . . . . . a) 29 Si SSNMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . b) 27 Al SSNMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . c) 1 H SSNMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . d) 1 H-29 Si cross polarisation SSNMR . . . . . . . . . . . . . . . . . e) Experimental implementation of SSNMR analysis . . . . . . . . 2.3.7 Thermogravimetric analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3.8 Inductively coupled plasma/optical emission spectrometry . . . . . . . . .

  SiO 3 • 9H 2 O) and calcium nitrate tetrahydrate (Ca(NO 3 ) 2 • 4H 2 O) were chosen as precursor source for Si and Ca, respectively, due to their high solubility in water, used as solvent. Also, a nitrogen line was added to the experimental set-up to prevent the car-

	bonation of the precursor solutions. The line has two branches to keep under a positive
	flow of nitrogen each of the precursor solutions. The two injection lines, connecting each
	pump to the inlet of the reactor, were built with 1/8" wide (1.57 mm internal diameter)

• 10 -5 m 3 ) the range of residence time accessible for chemical reaction under supercritical hydrothermal conditions (400 • C and 25 MPa) is 6 s -600 s. Furthermore, the versatility of this technology allows to widen these values range by changing the volume of the reactor. It has to be highlighted that this model of pump uses soluble precursors due to the susceptibility to solid particles. Consequently, in this work sodium metasilicate nonahydrate (Na 2 stainless steel pipes. The reaction of precipitation to form an amorphous calcium silicate hydrate compound occurs at room temperature as soon as the precursors are mixed in the T-mixing piece at the inlet of the reactor. Afterwards, the crystallisation of calcium silicate hydrate nanoparticles occurs inside the reactor under near-or supercritical conditions.

2.2. DEVELOPMENT OF A SUPERCRITICAL FLOW REACTOR FOR CSH NANOPARTICLES PRODUCTION

Table 2 . 1 :

 21 Operating conditions accessible for the calcium silicate hydrates production with the designed reactor.

  Tetrahedral and octahedral Al centres typically resonate in the ranges 80 -50 ppm and 20 -0 ppm, respectively. Although, resonances that refer to highly distorted tetrahedral Al environments and five-coordinated Al are commonly detected within the region 50 -20 ppm.

c) 1 H SSNMR In the context of this work, 1 H SSNMR results were notably helpful for exploring local environments in mineral structure where the role of hydrous species, H 2 O and OH, is of high relevance. This technique allows to distinguish between Ca-OH and Si-OH chemical environment, and to detect molecular water adsorbed on the mineral surface and eventually interlayer water. d) 1 H-29 Si cross polarisation SSNMR 1 H-

Table 2 . 2 Table 2 .

 222 Bruker Avance 300 MHz spectrometer equipped with a 7.05 T wide-bore magnet, or a Bruker Avance 500 MHz spectrometer equipped with a 11.7 T wide-bore magnet. The experiments were performed at room temperature using a standard 2.5-or 4-mm magic angle spinning (MAS) probe with MAS rates of 10 or 30 kHz, respectively. Magic angle spinning NMR, allows to spin the sample at an angle of cos 2 (θ M AS ) = 1/3 (θ M AS = 54.74 • ) in respect to the static magnetic field to remove anisotropic interactions and obtain narrower spectral lineshapes.For 1 H solid-state NMR a rotor-synchronised Hahn-echo sequence was employed with a π/2 pulse. The chemical shifts are referenced relative to ultrapure Milli-Q water (shift: + 4.7 ppm). While, for29 Si solid-state NMR, the spectra were acquired either directly (using a short pulse length of 2.4 µs) or using cross polarisation from 1 H with square contact pulse of 3, 6 or 10 ms. In that case, chemical shifts refer to silicon oil at -22 ppm.

1 

H is the most abundant nucleus in calcium silicate hydrate minerals, and so 1 H-

29 

Si CP NMR enhances the signals from Si atoms, which are directly bonded (or in proximity) to 1 H atoms.

e) Experimental implementation of SSNMR analysis

In this work, the SSNMR data were collected and processed in collaboration with Paula Sanz Camacho and Mathieu Duttine. NMR spectra were acquired at European Institute for Chemistry and Biology (IECB) of Bordeaux using either a For

27 

Al, a short pulse of a length of 1 µs corresponding to a selective π/12 pulse was applied. Chemical shifts are referenced relatively to Al(NO 3 ) 3 at 0 ppm. The operating conditions for each measurement are summarised in 2: SSNMR operating conditions employed in this work.

  Goracci, Postdoctoral researcher in the Ceramic and Cement-Based Materials group led by Jorge S. Dolado at CFM.

2.4. CEMENT PASTE CHARACTERISATION METHODS

  3.1 Protocol for the SHFS of xonotlite and tobermorite . . . . . . . . . . 3.2 Xonotlite synthesised in supercritical water . . . . . . . . . . . . . . . 3.2.1 Investigation of the mixing procedure . . . . . . . . . . . . . . . . . . . . 3.2.2 Crystallisation of xonotlite: influence of the synthesis parameters . . . . . a) Influence of temperature . . . . . . . . . . . . . . . . . . . . . . b) Influence of residence time . . . . . . . . . . . . . . . . . . . . . 3.3 Fingerprint of xonotlite nanomineral synthesised in SCW . . . . . . . 3.4 Tobermorite synthesised in supercritical water . . . . . . . . . . . . . . 3.4.1 Crystal structure and physicochemical properties of tobermorite . . . . . 3.4.2 Intrinsic mechanical properties of tobermorite synthesised in supercritical water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5 Fingerprint of tobermorite nanomineral synthesised in SCW . . . . . 3.6 Correlation between the dynamics of confined water and the local chemical environments in xonotlite and tobermorite . . . . . . . . . . 3.6.1 Study of the hydrogen bond network in xonotlite and tobermorite structures134 3.6.2 Dynamic of nanoconfined water in xonotlite and tobermorite . . . . . . . 3.7 Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 . 1 :

 31 Experimental parameters employed during the synthesis at different temperatures of T250, T300, T350, and T400.

Table 3 . 2 :

 32 Cell parameters of 11 Å tobermorite measured at different pressure values: ambient, 1.1, 2.8, 4.4, 5.1, 6.1, 7.2 and 8.3 GPa.

	Pressure (GPa)	a ( Å)	b ( Å)	c ( Å)	γ ( • )	V ( Å3 )
	Ambient	6.746	7.365	22.760	123.08	947.6
	1.1	6.729	7.336	22.719	123.03	940.4
	2.8	6.686	7.293	22.566	123.05	922.4
	4.4	6.650	7.259	22.396	123.08	906
	5.1	6.636	7.242	22.351	123.07	900.3
	6.1	6.613	7.222	22.206	123.1	888.5
	7.2	6.577	7.201	22.198	123.19	879.9
	8.3	6.558	7.189	22.009	123.24	868

  (eV) log τ 0 (s) E a (eV) log τ 0 (s) E a (eV) log τ 0 (s)

		Process 1	Process 2	Process 3
	E a Xonotlite 0.12 P1F 0.18 P1S	-12.0 P1F -12.2 P1S	0.16	-9.3	0.42	-13.5
	Tobermorite	0.16	-12.1	0.33	-13.3	0.48	-12.6

Table 4 . 1 :

 41 Values of total unhydrated volume (µm 3 ) and mean radius of unhydrated particles (µm) measured through the statistical analysis performed on reference sample, and 1 wt.% tobermorite and xonotlite seeded pastes after 7 h of hydration.

		Total unhydrated	Mean radius of unhydrated
		volume (µm 3 )	particles (µm)
	Reference	∼ 2.7 • 10 9	∼ 5.9
	1 wt.% Tobermorite	∼ 2.3 • 10 9	∼ 4.1
	1 wt.% Xonotlite	∼ 2.2 • 10 9	∼ 3.9

Table 4 . 2 :

 42 Values of total unhydrated volume (µm 3 ) and mean radius of unhydrated particles (µm) measured through the statistical analysis performed on reference sample, and 1 wt.% tobermorite and xonotlite seeded pastes after 36 h of hydration.

Table 4 . 3 :

 43 Summary of the operating parameters employed in the dehydration experiments carried out in this study.

	Sample label Pressure (MPa) Temperature ( • C) Water density (kg/m 3 ) Time (h)
	P2	2	500	5.69	1
	P8	8	500	23.94	1
	P8-2	8	500	23.94	2
	P16	16	500	51.75	1

  • C, but through a conventional heating process (at ambient pressure). Isothermal HT-PXRD runs were performed at different times: 30 min, 1, 2, 4, 6, 8, and 10 h to investigate if any changes appear in the PXRD patterns and thus in the crystalline structure of the material, at that temperature over time. In

Table 4 . 4 :

 44 Unit cell parameters of wollastonite synthesised in this study at 500 • C and 8 MPa in 1 h.

	a ( Å)	b ( Å)	c ( Å)	β ( • )	V ( Å3 )
	15.426(2)	7.325(1)	7.063(1)	95.216(5)	794.768(33)
	c) Water-based dehydration at p = 2 MPa	

  Regarding material synthesis, only three contributions to understanding the environmental profile of the SHFS of nanoparticles have been discussed in the literature. Among them, two are the results of the collaboration between the Supercritical Fluids Group at ICMCB and CyVi Group at ISM. Tsang et al. reported the first known attempt to assess the environmental impact of the SCF synthesis through the LCA study. In that work, the analysis was performed on the production of Ba 0.6 Sr 0.4 TiO 3 nanoparticles in a continuous reactor kept at 400 • C and 23 MPa[START_REF] Tsang | Anticipatory life-cycle assessment of supercritical fluid synthesis of barium strontium titanate nanoparticles[END_REF]. The LCA was used to investigate the environ-

	recognised by the United States Environmental Protection Agency (US EPA), which pro-
	motes projects to develop environmentally sustainable chemical processes [278]. The wide
	range of applications covers different fields, from materials, semiconductors, energy, syn-
	thetic chemistry science to waste treatment, pharmaceuticals and medical science.

mental impacts of solvent (ethanol-water mixture) and precursors (barium isopropoxide, strontium isopropoxide, and titanium isopropoxide) to figure out the one resulting in the lowest effect. They have shown that at the lab-scale (precursors molar concentration:

  5.1. LIFE CYCLE ASSESSMENTwere also significantly lower than those determined by Caramazana and coworkers for the continuous solvothermal production of TiO 2[START_REF] Caramazana-González | Assessing the life cycle environmental impacts of titania nanoparticle production by continuous flow solvo/hydrothermal syntheses[END_REF]. Considering that similar synthesis conditions were used, these discrepancies could be explained as follows. First, Caramazana et al. employed isopropanol, which leads to higher environmental impact, if compared with ethanol used by Tsang et al. Second, the precursor molar concentration employed by Caramazana et al. was lower, 0.5 mol/L, than in the first study, 1.0 mol/L. Operating at lower concentrations requires higher energy and solvent amounts for the same quantity of product, resulting in an adverse effect on the environmental profile.

Table 5 . 1 :

 51 Parameters considered in this analysis for the production of 1 kg of xonotlite according to 5 production scenarios. Ca(NO 3 ) 2 Ca(NO 3 ) 2 Ca(NO 3 ) 2 CaCl 2

	Scenario (Sc)	Lab-scale	Sc1	Sc2	Sc3	Sc4
	Functional unit			1 kg of xonotlite		
	Parameters					
	Material concentration (g/L)	5.2	5.2	69.3	66.1	69.3
	Temperature ( • C)	400	400	400	325	400
	Use of heat exchanger	NO	YES	YES	YES	YES
	Yield (%)	87	87	87	83	87
	Ca-source	Ca(NO 3 ) 2				

Table 5 . 2 :

 52 Parameters considered in this analysis for the production of 1 kg of tobermorite according to 3 production scenarios.For the synthesis of xonotlite, calcium nitrate and sodium metasilicate were used as Ca-and Si-source for all scenarios, exception being sc4 in which calcium chloride was employed for replacing calcium nitrate. Instead, for tobermorite the same precursors were employed in all scenarios: calcium nitrate as Ca-source, sodium metasilicate as Si-source, and aluminium nitrate as Al-source.

	Scenario (Sc)	Lab-scale	Sc5	Sc6
	Functional unit	1 kg of tobermorite	
	Parameters			
	Material concentration (g/L)	2.9	2.9	76.8
	Temperature ( • C)	400	400	400
	Use of heat exchanger	NO	YES	YES
	Yield (%)	82	82	82

  In the lab-scale experiments Ca(NO3 ) 2 • 4 H 2 O, CaCl 2 • 2 H 2 O,and Na 2 SiO 3 • 9 H 2 O were used as Ca-and Si-precursors. However, in the ecoinvent database only calcium nitrate, sodium metasilicate pentahydrate and calcium chloride were present. Here, these compounds were used for the inventory by simply adjusting the input quantities from stoichio-

	metric calculations.

Table 5 . 3 :

 53 Parameters and life cycle inventories for the production of 1 kg of xonotlite according to 5 production scenarios.

	Scenario (Sc)	Lab-scale	Sc1	Sc2	Sc3	Sc4
	Functional unit		1 kg of xonotlite		
	Inputs					
	Deioniside water (L)	192.96	192.96 14.43 15.13 14.43
	Energy (MJ)	477.13	47.71	3.57	2.06	3.57
	Sodium metasilicate pentahydrate (kg)	2.04	2.04	2.04	2.14	2.04
	Calcium nitrate (kg)	1.58	1.58	1.58	1.65	-
	Calcium chloride (kg)	-	-	-	-	1.07
	Outputs (water and by-products)					
	Water (L)	192.96	192.96 14.43 15.13 14.43
	Sodium metasilicate pentahydrate (kg)	0.24	0.24	0.24	0.33	0.24
	Calcium nitrate (kg)	0.21	0.21	0.21	0.28	-
	Calcium chloride (kg)	-	-	-	-	0.14

Table 5 . 4 :

 54 Parameters and life cycle inventories for the production of 1 kg of tobermorite according to 3 production scenarios.

	Scenario (Sc)	Lab-scale	Sc5	Sc6
	Functional unit	1 kg of tobermorite	
	Inputs			
	Deioniside water (L)	348.06	348.06	13.02
	Energy (MJ)	860.63	86.06	3.22
	Sodium metasilicate pentahydrate (kg)	2.16	2.16	2.16
	Calcium nitrate (kg)	1.67	1.67	1.67
	Aluminium nitrate (kg)	0.39	0.39	0.39
	Outputs (water and by-products)			
	Water (L)	348.06	348.06	13.02
	Sodium metasilicate pentahydrate (kg)	0.36	0.36	0.36
	Calcium nitrate (kg)	0.30	0.30	0.30
	Aluminium nitrate (kg)	0.07	0.07	0.07

  LCIA consists of three mandatory steps, as reported in ISO 14042, ISO 14040, and

	ISO 14044 [277, 288, 289]:
	1. Selection of: impact categories of interest, indicators for each category and charac-
	terisation models;

Table 5 .

 5 

	5: List of impact categories as included in ReCiPe 2016 midpoint (H) considered in
	the LCA. CFC-11: chlorofluorocarbon, Co-60: Cobalt-60, PM2.5: particulate matter < 2.5 µm,
	N: nitrogen, S: sulfur, P: phosphorus, 1,4-DCB: dichlorobenzene, Cu: copper.

  The average total impacts across all categories was decreased from 47.5% for calcium nitrate to 18.49% for calcium chloride. Contrarily, no alternative to sodium metasilicate was investigated, as it was considered less problematic than calcium nitrate, with an average total impacts across all categories of 34.1%. This result has suggested that the production of 1 kg of Ca(NO 3 ) 2 is approximately 40% more environmentally harmful than that of 1 kg of Na 2 SiO 3 • 5 H 2 O. Furthermore, the sodium content is non-toxic and has shown to contribute negligibly to the wastewater treatment impacts compared to nitrates. However, sodium metasilicate pentahydrate has a greater environmental impact than calcium nitrate for 5 out of 18 categories, namely ionizing radiation, fine particulate matter formation, marine eutrophication, fossil resource scarcity and water consumption, Figure5.11. Consequently, in future studies will be interesting to search for more sustainable chemical precursor as Si-source to replace sodium metasilicate.

Notably, calcium nitrate contributes about 6 and 327 times more to global warming (62.7% against 10.1%) and stratospheric ozone depletion (98.1% against 0.3%) impacts categories, respectively.

  5 out of 18 categories. Notably, it is responsible for 81% of global warming impacts, 60.8% of the ozone formation, 69.9% of the marine ecotoxity, and 91.3% of the fossil resource scarcity. Furthermore, the employment of 0.39 kg of aluminium nitrate to synthesise tobermorite, rather than in the case of xonotlite, generates supplementary impacts. It contributes significantly, over 10%, for 4 out of 18 categories, specifically stratospheric ozone depletion, freshwater ecotoxicity, human carcinogenic toxicity and mineral resource scarcity categories with relative impacts equal to 17.1%, 13.1%, 29.2% and 23.1%, respectively.

Table C . 1 :

 C1 List of impacts for the production of 1 kg of xonotlite particles for the lab-scale process with and without the use of a heat exchanger (lab-scale and Sc1 scenarios) and the three other potential industrial scale scenarios (Sc2, Sc3, Sc4). -4 1.43•10 -4 1.50•10 -4 2.70•10 -6 Ionizing radiation kBq Co-60-eq 8.02•10 -2 5.84•10 -2 4.18•10 -2 4.38•10 -2 3.43•10 -2 Ozone formation: human health kg NOx-eq 3.53•10 -2 1.86•10 -2 1.63•10 -2 1.70•10 -2 8.73•10 -3 Fine particulate matter formation kg PM2.5-eq 2.79•10 -2 2.34•10 -2 2.25•10 -2 2.36•10 -2 1.94•10 -2 Ozone formation: terrestrial ecosystems kg NOx-eq 3.62•10 -2 1.88•10 -2 1.65•10 -2 1.72•10 -2 8.85•10 -3 Terrestrial acidification kg SO 2 -eq 4.41•10 -2 3.75•10 -2 2.84•10 -2 2.97•10 -2 1.69•10 -2 Freshwater eutrophication kg P-eq 6.85•10 -4 6.32•10 -4 5.93•10 -4 6.21•10 -4 4.37•10 -4 Marine eutrophication kg N-eq 1.78•10 -2 1.78•10 -2 1.78•10 -2 2.13•10 -2 4.15•10 -5 DCB-eq 8.92•10 -3 8.18•10 -3 6.26•10 -3 6.56•10 -3 2.51•10 -3 Marine ecotoxicity kg N-eq 7.82•10 -2 3.43•10 -2 2.69•10 -2 2.80•10 -2 1.41•10 -2 Human toxicity: cancer kg 1,4-DCB-eq 8.52•10 -2 6.47•10 -2 5.13•10 -2 5.37•10 -2 3.61•10 -2 Human toxicity: non-cancer kg 1,4-DCB-eq 9.90•10 -1 8.85•10 -1 8.12•10 -1 8.50•10 -1 4.74•10 -1 Land use m 2 year 1.64•10 -1 1.47•10 -1 1.38•10 -1 1.45•10 -1 1.48•10 -1 Mineral resource scarcity kg Cu-eq 5.04•10 -2 4.39•10 -2 4.15•10 -2 4.34•10 -2 1.93•10 -2 -1 9.75•10 -2 1.02•10 -1 8.46•10 -2 Table C.2: List of impacts for the production of 1 kg of tobermorite particles for the lab-scale process with and without the use of a heat exchanger (lab-scale and Sc5 scenarios) and industrial scale scenario (Sc6). Table C.3: List of impacts for the production of 1 kg of sodium metasilicate pentahydrate, calcium nitrate and calcium chloride.

	Impact category	Unit	Sodium	Calcium	Calcium
	Impact category Global warming Ozone depletion 1.44•10 Terrestrial ecotoxicity Unit Lab-scale Sc1 kg CO 2 -eq 3.62•10 1.18•10 kg CFC-11-eq 1.50•10 -4 kg 1,4-DCB-eq 3.37•10 3.19•10 Freshwater ecotoxicity kg 1,4-Fossil resource scarcity kg oil-eq 1.20•10 2.52 Water consumption m 3 water-eq 1.17•10 -1 Unit Lab-scale Global warming kg CO 2 -eq 6.03•10 Ozone depletion kg CFC-11-eq 1.99•10 -4 Ionizing radiation kBq Co-60-eq 1.19•10 -1 Ozone formation: human health kg NOx-eq 5.51•10 -2 Fine particulate matter formation kg PM2.5-eq 3.56•10 -2 Ozone formation: terrestrial ecosystems kg NOx-eq 5.66•10 -2 Terrestrial acidification kg SO 2 -eq 6.47•10 -2 Freshwater eutrophication kg P-eq 8.45•10 -4 Marine eutrophication kg N-eq 2.22•10 -2 Terrestrial ecotoxicity kg 1,4-DCB-eq 4.04•10 Freshwater ecotoxicity kg 1,4-DCB-eq 1.33•10 -2 Marine ecotoxicity kg N-eq 1.26•10 -1 Human toxicity: cancer kg 1,4-DCB-eq 1.64•10 -1 Human toxicity: non-cancer kg 1,4-DCB-eq 1.28 Land use m 2 year 2.06•10 -1 Mineral resource scarcity kg Cu-eq 7.83•10 -2 Water consumption m 3 water-eq 1.47•10 -1 metasilicate pentahydrate Global warming kg CO 2 -eq 1.43 Ozone depletion kg CFC-11-eq 1.17•10 -6 Ionizing radiation kBq Co-60-eq 1.41•10 -2 Ozone formation: human health kg NOx-eq 3.40•10 -3 Fine particulate matter formation kg PM2.5-eq 8.70•10 -3 Ozone formation: terrestrial ecosystems kg NOx-eq 3.44•10 -3 Terrestrial acidification kg SO 2 -eq 5.43•10 -3 Freshwater eutrophication kg P-eq 1.54•10 -4 Marine eutrophication kg N-eq 1.81•10 -5 Terrestrial ecotoxicity kg 1,4-DCB-eq 7.09 Freshwater ecotoxicity kg 1,4-DCB-eq 8.40•10 -4 Marine ecotoxicity kg N-eq 4.90•10 -3 Human toxicity: cancer kg 1,4-DCB-eq 1.34•10 -2 Human toxicity: non-cancer kg 1,4-DCB-eq 1.66•10 -1 Land use m 2 year 3.89•10 -2 Mineral resource scarcity kg Cu-eq 6.90•10 -3 Fossil resource scarcity kg oil-eq 3.87•10 -1 1.07•10 Impact category Fossil resource scarcity kg oil-eq 2.08•10 1 Water consumption m 3 water-eq 2.76•10 -2	Sc2 9.08 3.10•10 1.48 Sc5 1.63•10 Sc3 9.43 3.25•10 1.51 1.87•10 -4 8.01•10 -2 2.50•10 -2 2.74•10 -2 2.53•10 -2 4.07•10 -2 7.49•10 -4 2.22•10 -2 3.71•10 1 1.20•10 -2 4.66•10 -2 1.27•10 -1 1.09 1.76•10 -1 6.66•10 -2 1.30•10 -1 nitrate 3.31 7.23•10 -5 7.33•10 -3 5.81•10 -3 2.97•10 -3 5.85•10 -3 1.09•10 -2 1.74•10 -4 5.99•10 -6 1.05•10 2.78•10 -3 1.03•10 -2 1.45•10 -2 2.96•10 -1 3.68•10 -2 1.72•10 -2 3.83•10 -1 3.72 2.61•10 -2	Sc4 3.72 1.96•10 1.01 Sc6 1.11•10 1.80•10 -4 4.87•10 -2 2.07•10 -2 2.58•10 -2 2.09•10 -2 3.64•10 -2 6.77•10 -4 2.00•10 -2 3.45•10 8.63•10 -3 3.27 •10 -2 1.02•10 -1 9.55•10 -1 1.59•10 -1 6.20•10 -2 1.12•10 -1 chloride 5.35•10 -1 2.29•10 -7 3.83•10 -3 1.51•10 -3 1.45•10 -3 1.53•10 -3 5.26•10 -3 1.11•10 -4 4.11•10 -6 4.74 5.94•10 -4 3.27•10 -3 7.25•10 -3 1.22•10 -1 6.39•10 -2 4.67•10 -3 1.31•10 -1 1.77 2.59•10 -2
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intense band centred at 642 cm -1 and the broader at 694 cm -1 could be related to bridging silicon-oxygen bond Si-O b stretching vibrations [START_REF] Buzatu | The raman study of single-chain silicates[END_REF]. However, other authors assigned the bands above 800 cm -1 to Si-O b stretching, and those within 630 -760 cm -1 to O-Si-O bending vibration [START_REF] Ong | Preparation and characterization of composites of polyethylene with polypyrrole-coated wollastonite[END_REF][START_REF] Huang | Raman spectroscopic characteristics of Mg-Fe-Ca pyroxenes[END_REF]. Instead, the band at 590 cm -1 is commonly assigned to O-Si-O bending mode [START_REF] Buzatu | The raman study of single-chain silicates[END_REF][START_REF] Ong | Preparation and characterization of composites of polyethylene with polypyrrole-coated wollastonite[END_REF][START_REF] Huang | Raman spectroscopic characteristics of Mg-Fe-Ca pyroxenes[END_REF]. The resonances attributed to Ca-O lattice vibrations modes appear in the range 200 -500 cm -1 [START_REF] Buzatu | The raman study of single-chain silicates[END_REF][START_REF] Huang | Raman spectroscopic characteristics of Mg-Fe-Ca pyroxenes[END_REF]. Among them, the most intense peaks associated with Ca-O stretching vibrations are centred at 340 and 412 cm -1 [START_REF] Huang | Raman spectroscopic characteristics of Mg-Fe-Ca pyroxenes[END_REF]. The low intensity peak around 1090 cm -1 is commonly attributed to symmetrical C-O stretching mode of carbonate material, being

Raman very sensitive to this resonance.

The produced monoclinic wollastonite nanofibres exhibit high crystallinity, as demonstrated by PXRD, SSNMR and HR-TEM. Thanks to the in-depth characterisation of the material, we can state that the dehydration process involves a first phase transition from xonotlite to wollastonite-1T, which in turn evolves to wollastonite-2M under certain proper conditions.

CONCLUSIONS AND PERSPECTIVES

In this context, more studies are required to fully establish the mechanisms involved in the process.

This innovative hydrothermal route seems to be much more profitable and advantageous than the conventional calcination of xonotlite at 800 -900 • C for 2 or 3 h as reported so far in the literature. The produced wollastonite exhibits high crystallinity, as demonstrated by PXRD, SSNMR and HR-TEM, and a fibre-like morphology observed by microscopy techniques. The use of this methodology, besides the lower synthesis temperature, allows producing nanosized wollastonite particles, that are therefore very reactive and very attractive in several application fields. Furthermore, we have shown that extending the synthesis time from 1 to 2 h affects the crystallinity of the material, which increases. In this context, it would also be interesting to investigate different synthesis times, trying to curtail the process further. On the other hand, new studies could investigate the effect of longer times to attempt synthesising the high temperature α-wollastonite phase. Moreover, new perspectives of this work could be focused on the dehydration of other calcium silicate hydrate minerals. In this field, our research could have a crucial impact on synthetic calcium silicate production for industrial applications.

GOAL AND SCOPE DEFINITION

The elementary flows represent the interactions between the technosphere and the environment: they are related to all the extracted resources and all the environmental emissions, as shown in Figure 5.3. As it will be discussed in the next section, background and foreground data required to build the life cycle inventories were collected by lab-scale experiments and/or modelled through the use of wastewater LCI (WW LCI) tool [START_REF] Kalbar | WW LCI v2: A second-generation life cycle inventory model for chemicals discharged to wastewater systems[END_REF] and the ecoinvent database. The detailed LCI are provided in section 5.3. 

b) Scenario 1: minimising the heat consumption

The main objective of this LCA study was to identify the categories which more impact the environmental profile of the manufacturing route, and thus, determine where further improvements can be made. Consequently, the analysis was conducted on a scenario 1, considering the same parameters as the lab-scale experiment but with an additional heat exchanger (heat recovery efficiency of 90%). The results for scenario 1, in Figure 5.8, show that considering a potential heat recovery of 90%, the heat generation for the supercritical process can be reduced below 10% for 13 out of 18 categories, exceptions being global warming (22.9%), ozone formation (10% for human health and 10.2% for terrestrial ecosystems, respectively), marine ecotoxicity (14.2%) and fossil resource scarcity (41.8%). The impact contributions arising from the precursors became the most dominant for most of the impact categories, with an average contribution of 34.9% and 41.5% for sodium metasilicate and calcium nitrate, respectively (Figure 5.8). To anticipate the impacts of the supercritical hydrothermal synthesis of calcium silicate hydrate nanoparticles at the industrial scale, we always considered the use of heat exchanger in all scenarios at the industrial scale, which reduced the impacts of heat generation by 90%.

Appendix A

Description of characterisation techniques

A.1 Electron microscopy techniques

A.1.1 Scanning electron microscopy

Scanning electron microscopy uses an electron beam of energy within 5 and 100 keV to probe the surface of the specimen. During the measurement, the electron beam is firstly generated by an electron gun and then focused by a series of lenses and apertures on the sample under study. The interaction between the electron beam and atoms, at various depths, produces various types of signals. Among them, there are high-energy backscattered electrons, low-energy secondary electrons, light (cathodoluminescence), heat or characteristic X-ray. Both secondary and back-scattered electrons can be detected, giving access to different information such as topography and chemical composition, respectively.

A.1.2 Transmission electron microscopy

The working principles of transmission electron microscopy are similar to those of SEM, but in that case, a beam of energetic electrons is transmitted through the sample. The transmission geometry allows getting information about the morphology, the crystallinity, and the elemental composition of the material. High resolution-TEM allows to resolve details at the atomic scale and distinguish different families of planes and even individual atoms. High resolution imaging is achieved thanks to the interference between the wavefunctions of transmitted and diffracted electrons. As a result, it is possible to identify the crystalline phase(s) of the material by measuring the interlattice spacing, d hkl , as the distance between the interference fringes observed in the crystalline grains.

A.2 Powder X-ray diffraction technique

A crystalline solid can be described as a crystal lattice formed by atomic planes regularly spaced with long-range order. X-ray diffraction is a powerful and non-destructive technique for characterising crystalline materials. This methodology reveals accurate information on the chemical composition, unit cell dimensions, arrangement of atoms in the crystalline structure, and identification of the phase(s). In addition, it allows determining several other structural parameters, such as strain and crystalline domain size.

The working principle of PXRD is based on the Bragg diffraction which occurs when a monochromatic X-ray beam, with wavelength comparable to the interplanar distance, 

A.4 Chemical analysis techniques

A.4.1 Thermogravimetric analysis

The thermogravimetric analysis relies on a high degree of precision in the measurement of the sample mass changes as a function of the temperature. During the analysis, the sample is placed in a microbalance sensitive to any weight loss during the heating performed in a controlled atmospheric environment (inert or reducing). The combination of the TGA with a mass spectrometer allows obtaining further qualitative information on the chemical composition, in terms of m/z, of the evolved decomposition or vaporisation products.

A.4.2 Inductively coupled plasma/optical emission spectrometry

Inductively Coupled Plasma Optical Emission Spectroscopy is an elemental analysis technique that allows to identify and quantify the elements present in a material. More in details, ICP-OES exploits the high temperatures in plasma to break down the sample into atoms and measures the characteristic energy for ionisation and excitation.
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Dielectric spectroscopy data: the real part of complex permittivity 
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along the b-axis determined for 11 Å tobermorite synthesised in supercritical water (SCW), and other specimens: natural [START_REF] Dupuis | Normal and anomalous self-healing mechanism of crystalline calcium silicate hydrates[END_REF], product of ancient Roman seawater concrete [START_REF] Jackson | Material and elastic properties of Al-tobermorite in ancient roman seawater concrete[END_REF], and synthetic obtained via conventional hydrothermal synthesis (HS) [START_REF] Li | Influences of crosslinking and Al incorporation on the intrinsic mechanical properties of tobermorite[END_REF]. For the natural samples, the letters n and a refer to a normal or an anomalous specimen. . . . . . . . . . . . . . . . .

Activation

Energy, E a , and pre-exponential factor, log τ 0 , obtained from the Arrhenius equation applied to the data in Figure 3.29 [START_REF] Musumeci | Correlation between the dynamics of nanoconfined water and local chemical environments in calcium silicate hydrate nanominerals[END_REF]. . . . . . . . . L'objectif principal du projet de thèse était de développer une méthode durable et extrapolable à l'échelle industrielle pour la synthèse de silicates de calcium hydratés, c'est à dire, la xonotlite et la tobermorite. Le principal avantage de cette méthodologie est lié à la cinétique de réaction ultrarapide, qui permet la synthèse de ces phases minérales dans l'eau supercritique en quelques secondes seulement. Aussi, en plus des temps de synthèse très courts, les minéraux synthétiques sont caractérisés par une cristallinité et une pureté élevées, au contraire de leurs homologues naturels qui se trouvent souvent mélangés à d'autres phases ou impuretés. Grâce à cette propriété, la xonotlite et la tobermorite synthétiques peuvent être utilisées pour approfondir la structure des silicates de calcium hydratés, qui n'est pas encore complètement élucidée. Par la suite, la xonotlite et la tobermorite hautement cristallines ont été utilisées dans deux domaines d'application différents. Le premier est lié à l'utilisation des phases minérales sous forme de germes pour accélérer l'hydratation du ciment afin de développer une matrice cimentaire plus dense et plus résistante. La deuxième application considère l'utilisation de la xonotlite comme précurseur pour produire, suite à sa déshydratation, un autre silicate de calcium, la wollastonite. Enfin, dans le but d'élargir la production de minéraux synthétiques aux exigences industrielles, l'impact environnemental de cette méthodologie a été étudié par l'analyse du cycle de vie. Les impacts des paramètres les plus pertinents, tels que l'énergie, la nature et la concentration des précurseurs, ont été analysés pour permettre une optimisation éventuelle.
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Abstract :

The main objective of the thesis project was to develop a sustainable and scalable manufacturing route for the synthesis of calcium silicate hydrate minerals, namely xonotlite and tobermorite. The main advantage of this methodology is related to the ultra-fast reaction kinetics, which allow the synthesis of these mineral phases in supercritical water in only few seconds. Furthermore, in addition to the boosted synthesis times, the synthetic minerals are characterised by high crystallinity and purity, rather than their natural counterparts that are often found mixed with other phases or impurities. Thanks to that property, synthetic xonotlite and tobermorite can be used to disclose some aspects of the calcium silicate hydrate structures, which are still not fully elucidated. Afterwards, the high crystalline xonotlite and tobermorite were employed in two different fields. The first one is related to the use of the mineral phases as nanoseeds for accelerating the early-stage hydration of cement to develop a denser and resistant cement matrix. Instead, the second one regards the use of xonotlite as pristine material to produce upon dehydration a calcium silicate phase, wollastonite. With the aim of expanding the synthetic mineral production towards industrial requirements, the environmental profile of this methodology was analysed by life cycle assessment analysis. The impacts of the most relevant parameters, as energy, nature and concentration of precursors, were analysed to identify where possible optimization can be realised to enhance the attractiveness of the supercritical fluid technology as an environmentally sustainable synthesis methodology.