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Resum é

Au cours du si ècle dernier, la population, la richesse économique et la consommation d' énergie ont augment é presque sans interruption. Afin de r épondre à la demande croissante d' énergie et, en m ême temps, de r éduire l'impact environnemental des combustibles fossiles et bio-sourc és, de nombreux efforts sont d éploy és pour optimiser les catalyseurs h ét érog ènes. Ces catalyseurs sont constitu és d'un support poreux sur lequel des compos és m étalliques actifs ont ét é d épos és. Dans ce contexte, il est important de d évelopper de nouveaux mat ériaux pour produire des catalyseurs h ét érog ènes performants. La plupart des supports catalytiques sont en alumine gamma. Ils jouent un r ôle important dans la r éaction et doivent pr ésenter certaines propri ét és texturales et m écaniques en fonction de leur utilisation. Des propri ét és m écaniques telles que la r ésistance à la friction ou à l' écrasement sont requises ainsi que des propri ét és texturales (surface sp écifique, distribution de la taille des pores, accessibilit é des sites actifs et connectivit é). Ces propri ét és d épendent de la texture du support, qui est le r ésultat de ses conditions op ératoires de fabrication. La formation du solide poreux implique la formation de cristallites primaires de boehmite (objets dont la taille peut atteindre environ 5 nm) au cours d'une phase de pr écipitation. Les cristallites primaires peuvent s'assembler pour former des agr égats (10-50 nm) et des agglom érats (de 100 nm à quelques dizaines de µm). La forme des cristallites, agr égats et agglom érats d étermine le type de texture à diff érentes échelles (au niveau des micro-m ésoet macro-pores). Bien que l'int ér êt industriel dans ce contexte soit élev é, une description compl ète de l'effet que les diff érents param ètres de synth èse (tels que le pH, la temp érature, la force ionique et les conditions hydrodynamiques) ont sur les propri ét és texturales du solide final n'est pas encore enti èrement r éalis ée. Afin de contr ôler les propri ét és texturales d'un support catalytique, il est n écessaire d'approfondir la connaissance des ph énom ènes de formation de cristallites, d'agr égats et d'agglom érats dans diff érentes conditions op ératoires. Ceci peut être r éalis é par un couplage raisonn é de caract érisation exp érimentale et mod élisation num érique. Typiquement, le proc éd é de fabrication du support est divis é en deux parties, une premi ère partie de synth èse d'une poudre de boehmite (un oxyde d'alumine et pr écurseur de l'aluminium gamma), et une seconde partie pour la mise en forme de la poudre. Chacun de ces sous-processus est compos é d'une s érie d'op érations unitaires, o ù certains param ètres de synth èse ont un fort impact sur la formation ou la modification de la structure des cristallites, agr égats et agglom érats. Cette th èse contribue à la construction d'un mod èle unique de la structure poreuse du support catalytique, en fonction des param ètres de synth èse. Ceci peut être accompli en d éveloppant un mod èle de la morphologie du support à la sortie de chaque op ération unitaire. L'op ération unitaire d'int ér êt dans le contexte de ce travail est la premi ère étape du processus de mise en forme, appel ée peptisation-et-malaxage. Dans ce proc éd é, la boehmite est sous forme de p âte, d'abord m élang ée en pr ésence d'un acide et ensuite en pr ésence d'une base. La premi ère étape est appel ée peptisation, l'effet de l'acide est de disperser les grains de boehmite en petites particules. La deuxi ème étape est appel ée neutralisation, o ù la proximit é du Point de charge nulle (Point of Zero Charge : PZC) induit la coagulation des agr égats de boehmite dispers és pour former des agglom érats. La peptisation et le malaxage sont tr ès importants pour d éterminer la distribution de taille et la morphologie des agglom érats de boehmite. Ceci affecte la transformation de la p âte de boehmite à travers les op érations unitaires suivantes, et les propri ét és des grains de boehmite s éch és finaux. L'objectif de cette th èse est d' étudier l'impact des param ètres chimiques (tels que le pH, la force ionique et la concentration) sur la cin étique d'agglom ération dans une suspension colloïdale de boehmite. Dans ce travail, une m éthode a ét é d étermin ée pour interfacer diff érentes techniques exp érimentales et approches de mod élisation pour reconstruire la morphologie d'une poudre de boehmite form é apr ès agglom ération Brownienne. Des propri ét és texturales peuvent ainsi être estim és num ériquement. Cette étude a ét é r éalis ée en mod élisant des syst èmes id éaux et sans agitation (faible concentration), mais les r ésultats alimenteront un mod èle complet du processus de peptisation et malaxage.

Une strat égie exp érimentale a ét é d évelopp ée pour caract ériser les suspensions colloïdales de boehmite in-situ sous agglom ération. Diff érentes approches de mod élisation ont également ét é utilis ées. Deux mod èles physiques de agglom ération, l'un bas é sur la dynamique Brownienne (Brownian dynamics) et l'autre sur l' équation de bilan de population (Population balance). La premi ère approche est purement th éorique et permet de simuler la dynamique de particules discr ètes sous l'effet des differentes forces d'interaction. Ce mod èle permet d' étudier la cin étique d'agglom ération colloïdale rapide qui ne peut être caract éris ée exp érimentalement. Cependant, la limite de ce mod èle est li ée au nombre maximum de particules qui peuvent être simul ées (environ 2000). D'autre part, le bilan de population permet de simuler la dynamique des syst èmes colloïdaux pendant l'agglom ération en termes de variation de la distribution de taille (sous la forme d'une fonction de densit é de probabilit é). Ce mod èle est adapt é à la simulation de syst èmes compos és d'un grand nombre de particules primaires (environ 10 21 ), mais il d épend de param ètres qui doivent être ajust és à travers un ajustement avec des donn ées exp érimentales. Dans ce travail, les r ésultats de la dynamique Brownienne ont ét é compar és à ceux du bilan de population. L'accord entre ces mod èles donne une l égitimit é à l'utilisation du bilan de population pour mod éliser l'op ération unitaire de peptisation et de malaxage.

Les mod èles physiques fournissent les param ètres d'entr ée à un mod èle morphologique, capable de construire la morphologie 3D d'un grain de boehmite et de d éterminer ses propri ét és texturales. Le mod èle morphologique fonctionne selon une addition s équentielle de particules primaires sur un cluster. La dimension fractale est contr ôl ée par deux param ètres de compacit é, qui d éterminent la probabilit é qu'un nouveau objet soit ajout é à un certain point de la fronti ère du cluster. Les points fronti ères sont divis és en trois cat égories : les points de dilatation du cluster, les points concaves de la dilatation du cluster et le point concave le plus proche du centre de masse du cluster. La subdivision des points fronti ères dans ces trois classifications est r éalis ée au moyen des operateurs morphologiques de dilatation, fermeture et érosion. Le mod èle morphologique fait partie des nouvelles contributions de cette th èse, et peut également être utilis é pour d éterminer la dimension fractale d'un objet à partir de sa projection bidimensionnelle (avec une application dans le traitement des images de microscopie).

Afin de fournir les param ètres en entr ée au mod èle morphologique, il a ét é n écessaire de d ériver des param ètres structurels à partir des conditions exp érimentales d'agglomeration. Les conditions op ératoires sont d étermin ées par le pH, la force ionique et la concentration, tandis que les param ètres structurels sont la dimension fractale et le nombre de particules primaires dans un cluster. Dans une phase pr éliminaire de synth èse exp érimentale, une suspension de boehmite peptis ée a ét é caract éris ée, choisie comme condition initiale du processus d'agglom ération. Les particules qui la composent ont ét é consid ér ées comme des particules primaires. Leur dimension fractale a ét é mesur ée par diffusion de rayons X aux petits angles (Small angle X-ray scattering : SAXS) et par traitement d'images par microscopie électronique à transmission à balayage (Scanning transmission electron microscopy : STEM). L'analyse exp érimentale a ét é r éalis ée en utilisant la diffusion dynamique de la lumi ère (Dynamic Light Scattering : DLS) pour mesurer l' évolution du rayon moyen des agglom érats dans des conditions Browniennes. Les r ésultats ont ét é interpr ét és, via une proc édure d'ajustement, au moyen de l' équation du bilan de population. Ceci a permis de d éterminer une constante cin étique d'agglom ération pour diff érentes valeurs de pH, de force ionique et de concentration. L'analyse SAXS a permis de mesurer la dimension fractale des agr égats et des agglom érats de boehmite. Du fait des conditions op ératoires impos ées par cette technique d'analyse soient diff érentes de celles de la DLS (en raison de la pr ésence de l'agitation), les r ésultats des deux analyses ne sont pas directement comparables. Cependant, les deux techniques ont mis en évidence le m ême type de comportement dans certaines conditions de pH, force ionique et concentration. Des informations compl émentaires ont également ét é obtenues par STEM (la seule analyse non r éalis ée in-situ) qui, via une proc édure d'analyse d'image, a permis de mesurer la distribution de taille et la dimension fractale. L'interaction entre les diff érentes techniques d'analyse, et l'interpr étation des donn ées de DLS via le mod èle de bilan de population, a permis de d éterminer la distribution de taille et la dimension fractale de la boehmite en solution aqueuse à l' équilibre, sous certaines conditions op ératoires. Ces deux param ètres structurels permettent de param étrer le mod èle morphologique et de construire la structure tridimensionnelle des agglom érats de boehmite. Afin de simuler la morphologie d'un grain de boehmite sec, les agglom érats de boehmite ont ét é assembl és en respectant la distribution du bilan de population, tant en termes de nombre que de probabilit é de collision. La derni ère étape de notre strat égie est r éalis ée en utilisant le mod èle morphologique pour calculer l'isotherme de physisorption d'azote et la tortuosit é g éom étrique.

Summary

During the last century, population, economic wealth and energy consumption have grown almost without interruption. In order to meet the growing energy demand and, at the same time, reduce the environmental impact of fossil and bio-sourced fuels, much effort is put into optimising heterogeneous catalysts. These latter consist of a porous support (the catalyst carrier) on which metal active compounds have been deposited. In such a context, it is important to develop new materials to produce high-performance heterogeneous catalysts. Most of the solid catalysts are constituted by a porous support in gamma-alumina, which plays an important role in the reaction and must exhibit certain textural and mechanical properties depending on its use. Mechanical properties such as resistance to attrition are required as well as textural properties (specific area, pore distribution, accessibility of active sites and connectivity). These properties depend on the carrier texture, which is the result of its manufacturing operating conditions. The formation of the porous solid involves the formation of primary boehmite crystallites (objects of about 5 nm in size) during a precipitation phase. The primary crystallites can assemble to form aggregates (structures ranging from about 10 to 50 nm in size). Aggregates can assemble to form larger aggregates and agglomerates (that can reach tens of µm). The shape of crystallites, aggregates and agglomerates determines the type of texture at different scales (at the level of micro-meso-and macro-pores). Although the industrial interest in this context is high, a comprehensive description of the different synthesis parameter effect (such as pH, temperature, ionic strength and hydrodynamic conditions) on the textural properties of the finished product is not fully achieved. In order to control the textural properties of a catalytic carrier, it is necessary to deepen the knowledge of the phenomena of formation of crystallites, aggregates and agglomerates for different operating conditions. This can be achieved via a reasoned coupling of experimental characterisation and numerical modeling. Typically, the carrier manufacturing process is divided in two parts, a first part of synthesis of a boehmite powder (an alumina oxide and precursor of gamma alumina), and a second part for the powder shaping. Each of these sub-processes is composed of a series of unitary operations, where some synthesis parameters have a high impact on the formation or modification of the structure of crystallites, aggregates and agglomerates. This PhD contributes to the construction of a unique model of the porous structure of the catalyst carrier, as a function of the synthesis parameters of the process. This is can be accomplished by developing a model of the carrier morphology at the outlet of each unitary operation. The unitary operation of interest in the context of this work is the first step of the shaping process, called peptization-and-kneading. In this process, the boehmite is under the form of a paste, first mixed in the presence of an acid and then in the presence of a base. The first step is called peptization, the effect of the acid is to disperse the boehmite grains into small particles. The second step is called neutralisation, where the approach of the pH to the so-called Point of zero charge (PZC) induces the coagulation of the dispersed boehmite aggregates to form agglomerates. Peptization-and-kneading is very important in determining the size distribution and morphology of boehmite agglomerates. This affects the processability of the boehmite paste through subsequent unit operations, and the properties of the final dried grains. The aim of my PhD is to study the impact of chemical parameters (such as pH, ionic strength and concentration) on agglomeration kinetics during peptization-and-kneading. In this work, a method has been determined to interface different experimental techniques and modelling approaches to reconstruct the morphology of a dry boehmite powder after Brownian agglomeration in an aqueous solution, and to simulate its textural properties. This study has been carried out by modelling ideal (low concentration) systems, but the results can be used in future to feed a complete model of the peptization-and-kneading process. An experimental strategy has been developed to characterise in-situ boehmite colloidal suspensions under agglomeration. Different modelling approaches have also been used. Two physical models of agglomeration, one based on Brownian dynamics and the other based on the population-balance equation. Brownian dynamics is a purely theoretical approach that allows to simulate the dynamics of discrete particles within a volume. This model offers an insight into rapid colloidal agglomeration kinetics that cannot be experimentally characterised. However, its limit is related to the maximum number of particles that can be simulated with a reasonable computational effort (around 2000). On the other hand, the population-balance allows to simulate the dynamics of colloidal systems during agglomeration in terms of variation of the size distribution (under the form of a probability density function). This model is suitable for simulating systems composed of a large number of primary particles (10 21 ), but it depends on parameters that have to be adjusted via fitting with experimental data. In this work, the results of the Brownian dynamics have been compared to those of the populationbalance. The agreement between those models gives legitimacy to the population-balance to be used to model the unitary operation of peptization-and-kneading. The physical models provide the inlet parameters to a morphological model, able to build the 3D morphology of a boehmite grain and to determine its textural properties. The morphological model works according to a sequential addition of primary particles on a cluster. The fractal dimension is controlled by two compactness parameters, which regulate the probability that the next primary object is added at a certain point of the cluster frontier. The frontier points are divided into three categories: the points of the cluster dilation, the concave points of the cluster dilation and the concave point closest to the center of mass of the cluster. The subdivision of the frontier points into these three classifications is achieved by means of the morphological operations of dilation, closing and erosion. The morphological model is part of the new contributions of the PhD, and can also be used to determine the fractal dimension of an object from its two-dimensional projection (with application in microscopy-image processing). In order to provide the inlet to the morphological model, it has been necessary to derive structural parameters starting from a certain set of experimental operating conditions. The operating conditions are determined by pH, ionic strength and concentration, while the structural parameters are the fractal dimension and the number of primary particles within a cluster. In a preliminary phase of experimental synthesis, a suspension of peptized boehmite has been characterised, chosen as the initial condition of the agglomeration process. The particles within it have been considered the primary particles. Their fractal dimension has been measured by Small angle X-ray Scattering (SAXS) and by Scanning transmission electron microscopy (STEM)-image processing. The experimental analysis has been accomplished using Dynamic light scattering (DLS) to measure the evolution of the average radius of the clusters under Brownian motion conditions. The results have been interpreted, via a fitting procedure, by means of the population-balance equation. This made it possible to determine the kinetic constant of agglomeration for different values of pH, ionic strength and concentration. SAXS allowed the fractal dimension of the boehmite structures to be measured. Although the operating conditions imposed by this analysis technique are different from those of DLS (due to the presence of mixing), the results of the two analyses are not directly comparable. However, the two techniques highlighted the same type of behavior in certain conditions of pH, ionic strength and concentration. Complementary information has also been obtained by STEM (the only analysis not carried out in-situ) which, via an image analysis procedure, allowed the size distribution and fractal dimension to be measured. Often confirming the trends observed in DLS and SAXS. The interplay between the different analysis techniques, and the interpretation of the DLS data via the population-balance model, made it possible to determine the size distribution and the fractal dimension of the boehmite in aqueous solution at equilibrium, under certain operating conditions. These two structural parameters enable the parametrisation of the morphological model. The number of primary particles per cluster and the fractal dimension enable to build the threedimensional morphology of boehmite agglomerates. In order to simulate the morphology of a dry boehmite grain, the boehmite agglomerates have been assembled respecting the number size distribution of the population-balance, both in term of number and in terms of collision probability. The last step of our strategy is realised by using the morphological model of a dry boehmite powder grain to calculate textural properties, such as pores volume and tortuosity. This work allowed to increase in competence and identify the main challenges regarding the formation of the solid structure of boehmite within colloidal suspensions. In fact, these are phenomena that occur in a chaotic way and involve assembly on several scales (from tens of nm to a few microns). One of the most important challenges is to interface the results of several different characterisation techniques. Indeed, each characterisation technique works in different operating conditions (in terms of concentration and measurement principle). Another challenge is to compare the results of different numerical approaches, and to describe in terms of structural parameters a system that is a function of chemical parameters (pH, ionic strength and concentration). The strategy developed during this PhD showed promising results. In the future, this study will be extended towards the inclusion of hydrodynamic forces, approaching the real operating conditions of the peptization-and-kneading process. Furthermore, in a longer-term perspective, the numerical solid at the outlet of the peptization-and-kneading model will provide an inlet to other models that describe other unitary operations (i.e. extrusion, calcination). The final model will give a complete description of the textural properties of the real catalyst carrier, enabling to study the impact of the synthesis process on the texture, and to simulate reactant diffusion through the porous matrix.

Chapter 1 Introduction

Context of the work

Heterogeneous catalysts plays an important role in energy conversion and supply. They have long been used in the production and purification of fossil fuels, whose contribution to the global energy mix will still be important for the next decades. For this reason, the application of heterogeneous catalysis will be crucial in the transition to a sustainable, low-carbon society. The depletion of oil reserves, the growing demand for energy and climate change due to greenhouse gas emissions are intensifying interest in the engineered synthesis of heterogeneous catalysts and of their supports. For example, for the valorisation of biomass in sustainable energy and chemicals [START_REF] Zhang | Advances in production of bio-based ester fuels with heterogeneous bifunctional catalysts[END_REF], and for upgrading conversion [START_REF] Al-Khattaf | The influence of alumina on the performance of fcc catalysts during hydrotreated vgo catalytic cracking[END_REF] and purification [START_REF] Behnejad | Comparison of performance of ni-mo/-alumina catalyst in hds and hdn reactions of main distillate fractions[END_REF] of heavy oil fractions. The heterogeneous catalysts used to process hydrocarbons are often constituted by a porous catalyst carrier in gamma alumina (γ-Al 2 O 3 ) on which an active metallic compound is deposited. The carrier must have adequate mechanical and thermal properties, and promote an appropriate mass and heat transfer. Mechanical properties such as resistance to friction or crushing are also required. All of these properties depend on the carrier texture (i.e. pores volume, pore size and morphology), which is the result of the manufacturing process. The manufacture of these catalysts consists of several stages, including a shaping process of the catalytic carrier. For the case of γ -Al 2 O 3 shaping operations are usually performed on its precursor, the boehmite, AlOOH. Nowadays, although the industrial interest on the subject is important, the shaping of catalytic carriers still remains an empirical know-how rather than a well established science. Among the shaping methods, whatever the process used, the first step is always the peptization, which is realized on a boehmite paste. The process consists in dispersing the boehmite powder with acid. The following step is called neutralization where a base is added to induce the assembly of the peptized boehmite particles. This entire procedure, which is performed under appropriate hydrodynamic conditions, is generally called peptization-and-kneading, and it is decisive for the final properties of the catalytic support. Depending on the pH and the ionic strength of the boehmite suspension the solid is structured differently at nano-and micro-scale. However, there is still no in-depth explanation for linking the structure of aggregates and agglomerates of boehmite to the physical-chemical properties of the suspension.

Objective of the Ph.D

As the manufacturing process determines the microstructure of the catalyst carrier, it is necessary to enlarge our knowledge of the physical chemical mechanisms that drive the solid formation. Such a knowledge will enable to tune textural properties by directly acting on the physical chemical parameters of the different unitary operations of the manufacturing process. This can be achieved 13 by building a model of the three-dimensional structure as a function of the different manufacturing steps. The strategy is illustrated in Fig. 1 The structure formed at the end of each unitary operation depends on specific physical-chemical parameters (α, β, γ, δ and ε in the Fig. 1.1). In real processes those parameters can be the temperature, the pH, the shear rate etc. The model must be able to reproduce the solid structure at the outlet of the unitary operation using functions of the physical chemical parameters (A, B, C, D and E in the Fig. 1.1). The model should give access to the 3D coordinates of all the elementary objects that compose the numerical solid, as well as the geometry of such objects. The simulated morphology of the final product enables to compute all textural properties and to perform sensitivity analyses with respect to the physical-chemical parameters.

Figure 1.1: Scheme of the objective

The aim of my PhD is to model the solid structure formed during colloidal coagulation in Brownian conditions, with an interest in physical-chemical parameters of pH, ionic strength and concentration. The results of this work will feed a model of the unitary operation called peptization-andkneading (see section 2.1.1), which will also account for shear. In order to model the solid structure it has been decided to use morphological models, based on random sequential addition of primary particles. These models are suitable for the numerical simulation of large solid volumes, which enables to estimate numerical textural properties (pores volume and distribution, tortuosity, surface area, etc.). This family of models often relies on characterisation data performed on experimental solid, like nitrogen physisorption isotherm or microscopy. The novelty proposed by my PhD is to feed a morphological model using the parameters of the manufacturing process of the solid. This entails the use of physical models to study the effect of physical-chemical parameters of the solid structure formed under controlled operating conditions. Fig. 1.2 illustrates the method proposed in this work. The experimental characterization of coagulating colloidal suspension provide the data for the adjustment of the aggregation kernels of a population-balance model. While a discrete-element model, relying on DLVO (Derjaguin, Landau, Vewey and Overbeek) [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF] and Langevin [START_REF] Langevin | Sur la th éorie du mouvement brownien[END_REF] theories, enables to fill the experimental gaps and provides a theoretical validation of the population-balance. The fit of the experimental data enables to estimate the size distribution and the fractal dimension of the colloidal suspension, these results inform respectively on the size and structure of the boehmite colloidal assemblies. The 3D numerical structure of these clusters is achieved via a newly developed morphological model, which is one of the new contributions of this work. The model relies on a random sequential addition algorithm and on morphological operators. Such a model does not describe the coagulation physics, but simulates a stochastic assembly of particles according to certain probabilities. This morphological model enables to realize simulations of realistically large colloidal systems, reaching a good statistical description of the colloidal agglomerates system. The validation of our approach can be accomplished using the morphological model to evaluate the porosity. This outlines a strategy for the construction of a numerical solid structure that can be characterised, and used to study the effect of the synthesis process on textural properties. In the future, this study will be extended towards the inclusion of hydrodynamic forces and to higher concentrations, approaching the real operating conditions of the peptization-and-kneading process. Furthermore, in a longer-term perspective, the numerical solid will provide an inlet to other models that describe the unitary operations that follows peptization-and-kneading (i.e. extrusion, calcination). The final model will give a complete description of the textural properties of the real catalyst carrier, enabling to study the impact of the synthesis process on the texture, and to simulate reactant diffusion through the porous matrix.

Contribution statement

Before the beginning of this work, the following models had already been developed:

1 A Discrete Element Method model evaluating the trajectory of 1000 spheres initially arranged in a regular grid inside a control volume, based on the DLVO interaction potential [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF] and the viscous friction force.

2 A model based on the population balance equation, able to compute the evolution of the size distribution as a function of fractal dimension and of a stability ratio.

3 Models based on morpholgical operators to estimate numerical textural properties of numerical solids [START_REF] Chaniot | Tortuosimetric operator for complex porous media characterization[END_REF].

Following the flow-diagram in Fig. 1.2 from left to right the contributions made during this work can be summarized as it follows:

a Development of a multi-technique experimental synthesis and characterisation strategy from scratch. The experimental results are needed for the adjustment of the population balance model and for the identification of a primary particle of the colloidal agglomeration process. Dynamic Light Scattring (DLS), Small Angle X-Ray Scattering (SAXS), Laser Diffraction (LD) and Scanning Transmission Electron Microscopy (STEM) techniques have been used.

b Implementation within the model 1 of Brownian motion using the Langevin force [START_REF] Langevin | Sur la th éorie du mouvement brownien[END_REF]. In addition, spheres initially randomly placed in a control volume are considered. An influence sphere for each primary particle and a contact force have been implemented to reduce the computational time and numerical issues. The results of the model have been expressed in terms of average radius and average fractal dimension evolution.

c Implementation within model 2 of a fractal dimension that varies as a function of radius, taking inspiration from Brownian dynamics and SAXS analysis results. This procedure is necessary to represent the experimental in-situ DLS data and suggests that the fractal dimension may change during the agglomeration process. This approach is in contrast with the usual definition of fractal dimension, which in this work is considered only as a structural parameter, used to characterise individual agglomerates.

d A new morphological model has been developed to build clusters with a given number of primary particles and fractal dimension. The model has been generalised to all geometries for the primary particles. Such a model is the basis for the construction of the numerical morphology of a boehmite solid, whose numerical textural properties can be estimated using the models of type 3. The new morphological model has also been used to find a relationship between the mass fractal dimension and the projection of agglomerates, which allows the mass fractal dimension to be estimated from STEM images.

This work has led to publications and has been presented at international conferences which are listed below.

Congresses:

• Poster at 33rd Conference of The Eurpean Colloid and Interface Society in Leuven, BE (8-13 September 2019). Title: Multiscale colloidal interaction modelling: from Lagrangian DLVO theory to Eulerian population balance modelling.

• Oral presentation at CODEGEPRA Webinar: Comiti é du D éveloppement du G énie des Proc éd és en Auverge-Rh ône-Alpes (19 November 2020). Title: Controlled synthesis of porous alumina: modeling of porosity as a function of the physical-chemical parameters of agglomeration.

• Oral presentation at ECSIA: The 13th European Congress for Stereology and Image Analysis (28 June-1 July 2021). Title: Mass Fractal Dimension estimate from Microscopy-Images using Morphological Aggregation Model.
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State of the art and theoretical aspects

This chapter is divided into four sections. The Section 2.1 describes the most used processes to manufacture γ-alumina supported catalyst. The textural properties deriving from the process are then illustrated. In the Section 2.2 we will go through the main agglomeration mechanisms described in the literature and the main effects related to the physical-chemical parameters are discussed. The Section 2.3 concerns the physical approaches used to model the behavior of a colloidal suspension: the DLVO theory and the population-balance equation. The first one represents a method widely used to calculate the interaction potential between colloidal particles, enabling to simulate the aggregation dynamics. The second enables to model the evolution of the size distribution of a colloidal suspension by means of kinetic constants of aggregation and breakage. The Section 2.4 concerns geometrical methods for modelling aggregates of particles, based on random packings of elementary objects.

Alumina carriers

Manufacturing processes

In Fig. 2.1 are represented the fundamental unit operations of the manufacturing of a γ-Al 2 O 3 supported catalyst. The procedure consists of three main processes: the synthesis of the boehmite powder, the powder shaping and calcination to obtain the catalytic support and the impregnation of the support.

With the understanding of the physical phenomena that drive the formation of the solid network, the textural properties of the catalytic support could be controlled with the physical-chemical parameters of the different unit operations, leading to more efficient manufacturing processes.

Boehmite powder synthesis

There exists different ways to synthetize boehmite [START_REF] Euzen | 4.7.2 alumina[END_REF] [START_REF] Sanchez | Process for preparing alumina[END_REF]):

• Aluminum alkoxide hydrolysis: Boehmite is a coproduct in the manufacturing of long chainalcohols by hydrolysis of aluminum alkoxides. The main steps of the process are the following:

1. Aluminum metal, hydrogen and ethylene react to produce triethylaluminum

Al + 3C 2 H 4 + 3/2H 2 → Al(C 2 H 5 ) 3 . (2.1)
2. During the oligomerization stage, the ethylene is added 

Al(C 2 H 5 ) 3 + 3nC 2 H 4 → Al[(C 2 H 4 ) n (C 2 H 5 )] 3 . (2.2)
AlR 3 + 3/2O 2 → Al(OR) 3 . (2.3)
4. Boehmite is obtained with the alcohols through hydrolysis

Al(OR) 3 + (2 + x)H 2 O → AlOOH • H 2 O + 3ROH.
(2.4)

• Thermohydrolysis: Ultrafine fibrillar boehmite can be obtained by heating a suspension of an acqueous dispersion of alumina and a monovalent acid.

• Slow neutralization of a basic aluminum salt: The solution with Al 3+ is acidified (pH = 4) to produce a basic salt Al 2 (OH) 6-x A x (A is a monovalent ion). Then a colloidal solution of aluminum oxychloride and hexamethylene tetramine is prepared. Due to temperature the amine decomposes to liberate ammonia.

• Aluminum salts precipitation: Boehmite can be precipitated by combining a water-soluble, acidic aluminum compound (aluminum sulphate, aluminum nitrate of aluminum chloride) and an alkali-metal aluminate (sodium or potassium aluminate). In the nitric route, nitrates can be easily decomposed by heating but their presence is critical in the mixtures. The chloride route is better than the sulfuric route because it enables a wider variety of compounds to be produced, infact the higher covalent character of SO 2- 4 that leads to a more difficult elimination in the following steps of the process.

The most common synthesis routes are the alkoxide hydrolysis and the salts precipitation. After the synthesis of boehmite powder it is necessary to eliminate the solvent in a heater or in an atomizer (large scale production). In this step, the size and morphology of the crystallites influences the specific surface of the boehmite. Precipitation parameters such as temperature and pH have a direct effect on this feature [START_REF] Hochepied | Influence of precipitation conditions (ph and temperature) on the morphology and porosity of boehmite particles[END_REF] [START_REF] Okada | Relationship between formation conditions, properties, and crystallite size of boehmite[END_REF].

Boehmite shaping

This step brings the powder up to a millimetric size. Different techniques exist according to the final application of the catalyst: mixing/extrusion, granulation, pelletizing or drop coagulation. The shaping process through mixing/extrusion is the most currently employed to obtain extrudates. The first step is always the boehmite peptization, which is achieved by mixing the boehmite powder with water and acid so as to form a paste (with around 50% volume of boehmite powder). During this step, the pH lowers and gets farther to the Point of Zero Charge (PZC). This has an effect on the surface of particles where hydroxyles groups are positively charged. As a consequence, an electrostatic repulsion separates the constitutive objects of boehmite grains. The grains are disaggregated in agglomerates, aggregates and, in particular conditions, in elemental crystallites [START_REF] Morgado | Characterization of peptized boehmite systems: An 27 al nuclear magnetic resonance study[END_REF] [START_REF] Zheng | Peptization mechanism of boehmite and its effect on the preparation of a fluid catalytic cracking catalyst[END_REF]. Peptization does not influence the size and the morphology of crystallites but only their structural arrangement [START_REF] Karouia | Control of the textural properties of nanocrystalline boehmite (gamma-alooh) regarding its peptization ability[END_REF]. The aggregate size decreases [START_REF] Zheng | Peptization mechanism of boehmite and its effect on the preparation of a fluid catalytic cracking catalyst[END_REF], and the size distribution of pores tightens and shifts towards smaller diameters [START_REF] Morgado | Characterization of peptized boehmite systems: An 27 al nuclear magnetic resonance study[END_REF]. Fig. 2.2 is a simplified illustration of the main steps describing such a dispersion process. [START_REF] Schimanski | Production of dispersible aluminas and their use in different applications[END_REF] After the acid mixing, a basic compound is added in order to neutralize the particle surface charge. The pH increases and approaches the PZC, particles flocculate. pH plays a significant role on the aggregation and agglomeration of crystallites and on textural properties (entailing different pores volume ,pores distribution and connectivity). After this treatment the paste is forced to pass through a die of a certain shape (cylinder, trilobe, quadrilobe ...). Rheological properties are extremely important during the extrusion. They control the final extrudate shape and therefore its mechanical properties. Geometries of polylobic dies are preferred to maximize the ratio between the external surface of the extrudate and its volume, enhancing the mass transfer in the catalytic application.

Drying and calcination

The boehmite extrudates are then dried and calcined up to 450 • enabling the phase transition from boehmite AlOOH to alumina γ-Al 2 O 3 [START_REF] Karouia | Traitement thermique de boehmite de taille et forme de particules contr ôl ée: vers l'optimisation des propri ét és de l'alumine gamma[END_REF]. This step removes the water contained in the extruded paste at high temperatures. The drying conditions affect the mechanical properties of the carrier, for example by avoiding internal cracks [START_REF] Pourcel | Criterion for crack initiation during drying: Alumina porous ceramic strength improvement[END_REF]. The mechanical behaviour of the solid during this process is a consequence of the preceding treatment of peptization/neutralization. In fact, the weakly compact aggregates/agglomerates do not resist to the capillary forces induced by the drying [START_REF] Wijnen | The molecular basis of aging of aqueous silica gel[END_REF].

Catalyst carrier impregnation

The aim of this step is to cover the porous support with active catalytic compounds (noble metals). It can take place through a "Dry Impregnation" (or wetness incipient impregnation) or through a "Diffusion Impregnation". In Dry Impregnation the substrate is impregnated with a quantity of solvent equal to the volume of the pores. In Diffusion Impregnation, the support is impregnated with an excess volume of solvent. This phase is followed by drying and heat treatment (calcination, reduction or activation).

Multi-scale structure

The mass transport properties of γ-Al 2 O 3 catalyst carriers are strongly influenced by the morphology of the porous structure. This latter depends on the manufacturing process of the catalyst where the primary particles of crystallites (few nm) aggregate to form aggregates (tens of nm), that agglomerate to form agglomerates (from hundreds of nm to few microns). The aggregation/agglomeration process lead to different solid structures according to the physical-chemical and hydrodynamic parameters of the unit operations of the manufacturing process.

Boehmite Crystallographic structure

Boehmite has a lamellar orthorhombic structure. The interlamellar cohesion is ensured by hydrogen bonds between hydroxyl groups located on the surface of the stacked sheets along the [010] direction. The space group is Cmcm ( a = 2.8668 Å, b = 12.2189 Å, c = 3.6922 Å) [START_REF] Downs | The american mineralogist crystal structure database[END_REF] Boehmite is constituted by octahedra where aluminium is at the center and oxygen is at the summits. As the Al 3+ ion is highly charged, it attracts water molecules and it forms a very strong Al-O bond. The ions at the summits are either O 2-or OH -. This produces a polarity difference that deforms the octahedra. Octahedra are linked to each other by sharing one edge. They are arranged in double straight chains structure (foliated structure). These layers are linked to each other by hydrogen bonds as it is shown in Fig. 2.3, where blue, red and white spheres represent respectively Aluminum, Oxygen and Hydrogen atoms. 

Elemental crystallites

The morphology of the crystallites is essentially controlled during the boehmite synthesis. The morphology of boehmite particles can be of different types types [START_REF] Trebillon | Boehmites and extremely pure pseudoboehmites, and process for their manufacture[END_REF] depending on the synthesis process [START_REF] Euzen | 4.7.2 alumina[END_REF]:

• Amorphous: when it is not possible to recognize mid-range or long-range distance organization.

• Fibrillar: when the primary crystallites are elongated in one direction. If the two other direction are undifferentiated the crystallites are needle-shaped (favoured at pH ∼ 8 ,see Fig. 2.4), if the two other directions are differentiated the crystals are lath-shaped.

• Lamellar: when the primary crystallites are elongated in two preferential directions. This geometry is favoured at pH > 10 is an important information for the catalytic support since the transformation from boehmite to γ-Al 2 O 3 is topotactic. After calcination the morphology of the precursor is preserved [START_REF] Euzen | 4.7.2 alumina[END_REF].

Aggregates and agglomerates

The elementary crystallites coagulate to form aggregates. The aggregates can coagulate to form larger aggregates and agglomerates (see Fig. 2.5). Meso-pores and macro-pores originate from the inter-particle spaces. Therefore, the porosity is dependent on the size, the shape of the elementary particles and on their multi-scale aggregation and agglomeration [START_REF] Johnson | The origin and types of pores in some alumina catalysts[END_REF]. Currently, there is no clear distinction between aggregation and agglomeration. "Agglomeration" is usually defined as a grouping of aggregates at large scale through weaker and reversible interactions by mechanical or chemical action. And "Aggregation" is used to describe the low scale assembling of elemental crystallites by strong and irreversible bonds.

In the context of this work, we refere to aggregates to define boehmite structures ranging in size from 10 to 50 nm, which cannot be peptized further by the addition of acid only (without inducing the dissolution of such aggregates). All the clusters formed by the assembly of the aggregates, whose size ranges from 50 nm to a few µm, are called agglomerates.

Textural properties

The aggregation/agglomeration process controls the fundamental textural characteristics of a porous catalyst carrier. These ones are described in [START_REF] Sch Üth | Handbook of porous solids[END_REF].

• Porosity: the ratio of pore volume to overall volume occupied by solid. The pore volume (cm 3 /g) is also a common way to report porosity of a sample.

• Pore size: inner diameter of a pore. • Surface roughness: it may appear at different scales and it can be characterized using fractal analysis. There is no sharp distinction between surface roughness and porosity but conventionally a solid is called "porous" if the surface irregularities are deeper than they are wide.

• Surface area: extent of total surface area developed by the whole porosity.

• Tortuosity: the path available for diffusion through a porous carrier in relation to the shortest distance across the carrier.

• Density: it is possible to define a "skeletal density" by the ratio between the mass of a powder or particle divided by its volume excluding all pores and voids.

• Pores connectivity: pore connectivity is often viewed from the standpoint of percolation theory, being defined as the ratio of the number of pores belonging to the percolating cluster to the total number of pores [START_REF] Gu Éguen | Transport properties of rocks from statistics and percolation[END_REF].

• Pores hierarchy: this property depends on the connectivity pattern between the differently sized pore systems. The multi-scale porous systems can be named hierarchical, if the porosity shows an ordered, well-ranked structure resulting in a behaviour which enables the splitting of the flow (liquid or gas) into smaller parts [START_REF] Schwieger | Hierarchy concepts: Classification and preparation strategies for zeolite containing materials with hierarchical porosity[END_REF].

• Fractal dimension: the primary particles forming a solid can result in fractal structures, in which case the mass fractal dimension (defined in section 2.2) provides information on how the primary particles assemble together to form more or less compact structures.

The textural properties of the catalyst carrier affect the catalyst performances in three ways:

-the active phase deposition and formation onto the support porosity [START_REF] Khodakov | Pore size effects in fischer tropsch synthesis over cobalt-supported mesoporous silicas[END_REF] -the transportation properties during the reaction (diffusion limitation) [START_REF] Rana | Hydrotreating of maya crude oil. i. effect of support composition and its pore-diameter on asphaltene conversion[END_REF] -the catalyst stability :coke deposit, pores plugging [START_REF] Prieto | Quantitative relationship between support porosity and the stability of pore-confined metal nanoparticles studied on cuzno/sio2 methanol synthesis catalysts[END_REF] There are several studies in the literature which prove that the porosity of the carriers can affect the activity and selectivity of catalysts. The effect of pore size and surface area on the conversion and selectivity of catalysts was studied [START_REF] Khodakov | Pore size effects in fischer tropsch synthesis over cobalt-supported mesoporous silicas[END_REF]; [START_REF] Rana | Hydrotreating of maya crude oil. i. effect of support composition and its pore-diameter on asphaltene conversion[END_REF]. The effect of the porous structure on the stability of catalyst components was also studied [START_REF] Prieto | Quantitative relationship between support porosity and the stability of pore-confined metal nanoparticles studied on cuzno/sio2 methanol synthesis catalysts[END_REF] to prove that there exists a direct relationship between catalyst stability and support porosity.

Aggregation and agglomeration in colloidal suspensions

Since there are several morphological scales of boehmite, it is rather challenging to have a clear and complete understanding of the formation of the boehmite fractal structure. The growth of aggregates and agglomerates takes place when the particles meet in the reaction environment and are the consequence of the Brownian motion, of the hydrodynamics and of different interactions that occur between these particles. Light-scattering techniques are widely used for the study of colloidal aggregation and enable to estimate the fractal dimension d f of the aggregates/agglomerates [START_REF] Lattuada | Estimation of fractal dimension in colloidal gels[END_REF], [START_REF] Sorensen | Light scattering by fractal aggregates: A review[END_REF]. This kind of study has also been applied to boehmite suspensions [START_REF] Anovitz | Effects of ionic strength, salt, and ph on aggregation of boehmite nanocrystals: Tumbler small-angle neutron and x-ray scattering and imaging analysis[END_REF]) [START_REF] Nakouzi | Impact of solution chemistry and particle anisotropy on the collective dynamics of oriented aggregation[END_REF].

Mechanisms and fractal dimension

Physical-chemical conditions lead to different assembing kinetics that can be interpreted by means of different aggregation/agglomeration models. Growth models in literature derive from the combination of models that can be differentiated on the basis of two factors: the transport law and the sticking law. The types of models are shown in Fig. 2.6 where: The mechanisms on the same raw present the same sticking law; The term "monomer" refers to the elementary particle of the assembly, a "monomer-cluster" growth means that monomers preferentially stick on clusters rather than sticking on each other. The mechanisms on the same column present the same transport law. It can be noticed that:

-A "Reaction-Limited" mechanism occurs when there is a relevant repulsive force between the particles, so that the aggregation rate is limited by the time taken for two clusters to overcome this repulsive barrier. The particles can diffuse better towards the inside of the aggregate/agglomerate before assembling. The RLCA aggregates/agglomerates are therefore more dense [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF].

-A "Diffusion-Limited" mechanism occurs when there is a negligible repulsive force between colloidal particles, so that the assembly rate is limited only by the time taken for clusters to encounter each other by diffusion. The probability of sticking between two encountering particles is close to 1. The structures obtained are quite loose since the particles assemble without having time to diffuse towards the center of the aggregate/agglomerate. The particles then stick at the ends of the aggregate/agglomerate [START_REF] Witten | Diffusion-limited aggregation, a kinetic critical phenomenon[END_REF] [START_REF] Meakin | Formation of fractal clusters and networks by irreversible diffusion-limited aggregation[END_REF]) [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF].

In the Fig. 2.6, d f stands for the fractal dimension which is usually computed using the mass-radius relationship for clusters [START_REF] Gmachowski | Mass-radius relation for fractal aggregates of polydisperse particles[END_REF])

ξ = k f • R gyr a d f (2.5)
with ξ the mass of the cluster (number of elementary spheres), a the radius of the elementary particle and R gyr the gyration radius of the cluster. The fractal dimension describes the structure of a cluster and its value varies between 1 and 3. It tends to 1,2 or 3 respectively for linear, planar and spherical clusters (see Fig. 2.7). Open and loose structures have a low fractal dimension whereas compact structures have a high fractal dimension.

In literature DLCA (Diffusion Limited Cluster Aggregation) and RLCA (Reaction Limited Cluster Aggregation) are often used to model aggregating/agglomerating colloidal systems observed experimentally:

• For the rapid kinetics DLCA the average radius D show a linear behaviour on a logarithmic plot versus time [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF]. Fractal dimension d f can be derived from the relationship between the average diameter measured with light scattering (D) and time (t) D ∼ t 1/d f . • For slower kinetics (RLCA) the average radius of the aggregate/agglomerate evolves exponentially with time [START_REF] Lin | Universality in colloid aggregation[END_REF].

The DLCA mechanism typically leads to a low density structure with a d f of 1.75 [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF], while the RLCA produces denser structures with d f of 2.05 [START_REF] Lin | Universality in colloid aggregation[END_REF]. [START_REF] Nakouzi | Impact of solution chemistry and particle anisotropy on the collective dynamics of oriented aggregation[END_REF] characterised with Dynamic Light Scattering the dynamic of aggregation of boehmite nanoplatelets. From the slope of logD-logt plot a fractal dimension of boehmite aggregates of 2.3±0.18 was determined, which is relatively high with respect to [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF]. Nakouzi resuults can be compared with the results of [START_REF] Anovitz | Effects of ionic strength, salt, and ph on aggregation of boehmite nanocrystals: Tumbler small-angle neutron and x-ray scattering and imaging analysis[END_REF], who characterised with Small Angle X-Ray Scattering the aggregates of boehmite nanocrystals for a pH ranging from 9 to 12 and ionic strenght within 0.001 and 1, finding fractal dimension values between 2.0 and 2.5. While few studies have been carried out on the aggregation of boehmite primary crystallites, there is little information on the agglomeration of boehmite aggregates, related to the formation of structures of a larger scale.

Physical-chemical parameters

The impact of the parameters of the different unit operations (pH, Ionic Strength, concentration etc.) in particular at the level of the crystallites formation during the precipitation step, is the subject of an ample literature. Crystallites' synthesis is above the interests of this study, however, the mechanisms that lead to aggregation and agglomeration during this step are similar to those that occur during the neutralization step.

Effect of pH

When an oxide is synthetized in an aqueous environment, the hydroxide groups are naturally present on the surface. In the case of oxides formed in dry conditions, the coordination number of surface cations is lower than that of the cations inside the solid. In an aqueous environment, in order to accomplish the cations coordination, the chemisorbed water dissociates to form hydroxide sites on the oxide surface. There may be different types of hydroxide sites depending on the oxide crystallographic structure. On these spots, equilibrium reactions of protonation-deprotonation take place [START_REF] Jolivet | Du cation à l'oxyde: Hydroxynation et condensation en solution[END_REF]. This creates an electric charge on the surface of the particles that strongly depends on the pH. Protons and hydroxide-ions are called Potential Determining Ions (PDI), since they create the charge on the oxide surface. As we will discuss further, the surface charge and the ion concentration in the liquid layer surrounding the particle generate an electrostatic potential that affects the interactions between the suspended particles. This potential, in the vicinity of the surface, is called zeta potential (ζ). The distance from the particle surface where the zeta potential can be measured corresponds to a slipping plane, that separates the ions rigidly bonded to the surface (Stern layer) from the other ions in the solvent (diffuse layer) [START_REF] Lowry | Guidance to improve the scientific value of z êta-potential measurements in nanoehs[END_REF].

The zeta potential has long served as an indicator of dispersion stability against aggregation and an absolute value of zeta-potential ∼30 mV is considered stable against aggregation. The zeta potential strongly depends on the pH of the suspension. For a specific value of pH (depending on the chemical nature of the material in the suspension), the global surface charge is zero: This pH is called Point of Zero Charge (PZC). For pH < PZC, the surface charge is positive, for pH > PZC the surface charge is negative. The lower the difference between the pH of the suspension and the PZC of the boehmite, the more favoured the particle aggregation/agglomeration. For boehmite in water, the PZC is usually achieved for pH∼9.5, but it can change in presence of ions [START_REF] Kosmulski | ph-dependent surface charging and points of zero charge. iv. update and new approach[END_REF].

Effect of Ionic strength

Another parameter that influences the stability of the colloidal suspension is the ionic strength I, whose definition is

I = 1 2 i C i z 2 i (2.6)
where z i and C i are respectively the valence and the concentration of the salt i. The factor 2 accounts for the two ions resulting from the complete dissolution of a symmetric salt. An increase in ionic strength (by increasing either the concentration of the salt or its valence) results in a compression of the diffuse layer of ions around the particles, and therefore in a decrease in the electrostatic repulsion [START_REF] Buining | Effect of hydrothermal conditions on the morphology of colloidal boehmite particles: Implications for fibril formation and monodispersity[END_REF][START_REF] Wang | Influence of electrolyte species and concentration on the aggregation and transport of fullerene nanoparticles in quarts sands[END_REF]. pH and Ionic Strength are always connected to each other, indeed, each chemical compound added to the solution affects both parameters [START_REF] Beattie | Anomalous aggregation behavour of aluminum oxyhydroxides[END_REF]; [START_REF] Anovitz | Effects of ionic strength, salt, and ph on aggregation of boehmite nanocrystals: Tumbler small-angle neutron and x-ray scattering and imaging analysis[END_REF].

Effect of concentration

Particle concentration has also a strong impact on the structuration within the colloidal suspension.

In fact, an increase in particle concentration makes them to approach one to the other. This can favour aggregation and agglomeration due to van der Waals short distance attraction forces [START_REF] Cristiani | Effect of ageing time on chemical and rheological evolution in gamma-al2o3 slurries for dip-coating[END_REF] [START_REF] Cristiani | Study of the physico-chemical characteristics and rheological behaviour of boehmite dispersions for dip-coating applications[END_REF]. The concentration also plays an important role on the suspension's rheological properties. Diluted suspensions easily exhibit a newtonian rheological behaviour. On the other hand, a highly concentrated suspensions develop a higher viscosity and an elastic [START_REF] Drouin | Rheology and structure of peptized boehmite pastes[END_REF] behaviour.

Effect of hydrodynamic forces

Hydrodynamic conditions also influence the colloidal network formation within a suspension, affecting the contact occurrence between particles and the breakage kinetics of the largest agglomerates [START_REF] Bubakova | Effect of shear rate on aggregate size and structure in the process of aggregation and at steady state[END_REF].

Physical modeling

Understanding aggregation/aglgomeration of colloidal particles is of high importance in order to optimize the synthesis process and to manufacture innovative materials. Several physical phenomena have an impact on growth kinetics and on textural properties of the solid formed. Colloidal particles undergo electrostatic repulsion forces (due to surface charges), attractive inter-particle forces (van der Waals interaction), collision with solvent molecules (Brownian motion) and local hydrodynamic forces. Other interactions exist like the ones due to hydrophylic nature of colloidal particles suspended in acqueous environment. Hydration forces cause an additional repulsion force due to the necessary energy to break the water molecules layer around the particle surface [START_REF] Bacchin | G énie des interactions physico chimiques: Applications à la transformation de la mati ère molle[END_REF]. These forces are often considered relatively weak. The ability to predict the geometry of the porous network formed during colloidal coagulation is necessary, in order to control and to manufacture new materials. The major difficulties are due to the large number of interacting particles, which undergo different interaction forces. In addition, boehmite cristallites are anisotropic in terms of geometry and surface charge distribution. This problem can be adressed using different modelling approaches for different time-and size-scales.

For small-scales, Lagrangian modelling assumes a fluid composed by a large number of particles whose motion can be described. Molecular dynamics is often used for simulating the motion of discrete particles. Brownian dynamics simulations to model mobile particles in suspensions became popular in recent years. These models account for the hydrodynamics by means of a Stokes force and the particle-particle interactions by means of the Lennard Jones or DLVO potential [START_REF] Cordelair | Flocculation and coagulation kinetics of al2o3 suspensions[END_REF][START_REF]Local structure evolution in particle network formation studied by brownian dynamics simulation[END_REF]. Stokesian dynamics can include multiparticle hydrodynamic interactions, but the numerical effort increases [START_REF] Sierou | Accelerated stokesian dynamics simulations[END_REF]. Another approach is to combine Molecular dynamics with hydrodynamics simulations [START_REF] Helmig | Computer simulation of particle suspension[END_REF][START_REF] Padding | Hydrodynamic interactions and brownian forces in colloidal suspensions: Coarse-graining over time and length scales[END_REF][START_REF] Inoue | Development of a simulation model for solid objects suspended in a fluctuating fluid[END_REF]. These methods enable to simulate fast coagulation kinetics (that cannot be measured experimentally) and to compute the structures and the size distribution of the formed colloidal network. These approaches do not require a fitting procedure with experimental data, because they rely on theoretical laws. The drawback of these methods is that, due to the high computational time, the maximum number of colloidal particles is limited (< 10000). In order to extend the maximum number of simulated particles (on the order of magnitude of 10 21 for a real suspension) the population-balance equation is often used. This approach is based on the expressions of aggregation and brakage kernels. Some of the expressions are analytical and based on physics theory [START_REF] Smoluchowski | Über brownsche molekularbewegung unter einwirkung äußerer kr äfte und deren zusammenhang mit der verallgemeinerten diffusionsgleichung[END_REF], others are empirical [START_REF] Lattuada | Population-balance description of shear-induced clustering, gelation and suspension viscosity in sheared dlvo colloids[END_REF].

Lagrangian modeling of colloidal particles in Brownian motion

In a static colloidal suspension, colloidal particles collide with the solvent molecules. These collisions produce a random movement called Brownian motion [START_REF] Brown | Xxvii. a brief account of microscopical observations made in the months of june, july and august 1827, on the particles contained in the pollen of plants; and on the general existence of active molecules in organic and inorganic bodies[END_REF]. Such cahotic movement is due to thermal agitation of the molecules of the solvent that collide with the colloidal particles. Albert Einstein proposed a description of this movement [START_REF] Einstein | Über die von der molekularkinetischen theorie der w ärme geforderte bewegung von in ruhenden fl üssigkeiten suspendierten teilchen[END_REF] based on the kinetic theory developed by Ludwing Boltzmann (relating the diffusion coefficient to the particle radius, temperature, Boltzmann constant and viscosity). Brownian movement was then described by Paul Langevin as a stochastic force acting on the particle [START_REF] Langevin | Sur la th éorie du mouvement brownien[END_REF]. This description enables to solve a momentum balance for one colloidal particle based on the second Newton law, and to compute its trajectory.

Stokes-Einstein relationship

Considering two acqueous environments separated by a semi-permeable membrane (Fig. 2.9), one contains colloidal particles with molar fraction x p , the other one contains only water. Osmotic pressure π o is defined as the minimum pressure required to prevent the two acqueous solutions to mix through the membrane. [START_REF] Van't Hoff | The role of osmotic pressure in the analogy between solutions and gases[END_REF] computed this pressure applying the second principle of thermodynamics

π o • V = -R • T • ln(1 -x p ), (2.7) 
where V is the total volume, R is the gas constants and T is the temperature. If the suspension is highly diluted

π o = -R • T • C, (2.8)
where C is the molar concentration. The resulting force acting on the membrane corresponds to the difference of osmotic pressure applied to the surface:

F pi = dπ o • A = R • T • dC • A, (2.9)
where A is the membrane surface. This force causes a global movement of the colloidal particles along x axis on Fig. 2.9 with an average speed v, which is opposed to a viscous drag force (given by Stokes law)

F f = 6 • π • µ • a • v, (2.10)
where µ is the dynamic viscosity and a is the particle radius. For all the particles contained in a volume A • dx the friction force is

F t f = C • A • dx • N • 6 • π • µ • a • v. (2.11)
where N is the Avogadro number. At equilibrium, the value of the pressure force is equal to the friction force:

-R • T • dC • A = C • A • dx • N • 6 • µ • a • v.
(2.12)

After rearranging the Eq.(2.12) The movement of colloidal particles, through the membrane, due to the osmotic pressure difference can also be described via the Fick diffusion law for a diluted suspension. This mass flow is equal to the convective motion of the particles with speed v:

dC dx = - C • N • 6 • π • µ • a • v R • T . ( 2 
-D • dC dx = v • C, (2.14)
where D is the diffusion coefficient. From Eq.(2.13) and Eq.(2.14) it is possible to derive the Stokes-Einstein equation and compute the diffusion coefficient of colloidal spherical particles,

D = R • T N • 6 • π • µ • a = k B • T 6 • π • µ • a (2.15)
where k B is the Boltzmann constant. Einstein also proved that the movement of particles is a stochastic Gaussian process [START_REF] Einstein | Über die von der molekularkinetischen theorie der w ärme geforderte bewegung von in ruhenden fl üssigkeiten suspendierten teilchen[END_REF], where the average of the square displacement of a colloidal particle is proportional to time t, with a proportionality coefficient equal to 2 • D:

< x 2 >= 2 • D • t (2.16)

Langevin approach

In order to describe Brownian motion of colloidal particles, Paul Langevin proposed an equation based on the second Newtown law, introducing a stochastic force -→ F R [START_REF] Langevin | Sur la th éorie du mouvement brownien[END_REF]:

m • ∂ v ∂t = -k • v + -→ F R (2.17)
where k is the friction coefficient

k = 6 • π • µ • a.
(2.18)

In Eq.(2.17), gravity force is neglected due to the small size of the particles. Langevin proposed an expression of the stochastic force, described as a Wiener process [START_REF] Bendahmane | Int égrale de chemins de wiener et processus stochastique[END_REF], a stochastic process following a normal distribution with average 0 and variance 1. The expression of the Langevin stochastic force is given by

-→ F R = 2 • k B • T • k • -→ W (2.19)
where -→ W is a stochastic vector defined as

-→ W =    wx √ 3• √ dt wy √ 3• √ dt wz √ 3• √ dt    (2.20)
with wx, wy and wz as Gaussian stochastic variables with average 0 and variance 1. Langevin equation is the basis of Lagrangian simulation of particles Brownian motion. Langevin equation represents Einstein relationship (Eq.(2.15)). The proportionality of the average squared displacement with respect to time is the same < x 2 >∼ 2 • D • t.

DLVO theory (Derjaguin Landau Verwey Overbeek)

The dispersion of the boehmite powder and the aggregation/agglomeration are the result of the competition between attractive and repulsive potential. The sum of these two contributions is the DLVO potential [START_REF] Hiemenz | Principles of colloid and surface chemistry[END_REF][START_REF] Israelachvili | Intermolecular and surface forces[END_REF][START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF].

Attraction potential

Van der Waals forces have their origin in the dipole or induced-dipole interactions at the atomic level. These interaction forces consist of three major categories known as:

• Keesom: permanent dipole/permanent dipole interactions;

• Debye: permanent dipole/induced dipole interactions;

• London: induced dipole/induced dipole interactions.

Among the three forces mentioned, the London force is always present because it does not require the existence of permanent polarity or charge-induced polarity in the molecules. All random dipole-dipole interactions follow the inverse sixth-power law [START_REF] Hiemenz | Principles of colloid and surface chemistry[END_REF]. Interactions between dipoles, whether permanent or induced, are the result of the electric field produced by one dipole acting on the second dipole. Consider the case of two polar molecules carrying an electrical dipole µ 1 and µ 2 . If the molecules are free to rotate, they will preferentially orient themselves in such a way that their parts with opposite charges will face each other. This will result in an average attractive energy given by

ω K = - µ 2 1 µ 2 2 3(4π 0 ) 2 k B T d 6 = - C K d 6 (2.21)
where 0 is the vacuum electrical permittivity, k B is the Boltzmann's constant, T is the temperature and d is the distance between the two molecules. The interaction described by Eq.(2.21) is called the Keesom interaction ω K . Consider another case where a molecule carrying dipole µ interacts with a non-polar, yet polarisable molecule with polarisability α. If the molecule is free to rotate, the interaction energy is

ω D = - µ 2 α (4π 0 ) 2 d 6 = - C D d 6 , (2.22)
that takes the name of Debye interaction ω D . Consider the case where two neutral molecules bearing no electrical dipole whatever. Electrons in each molecule move very rapidly with a frequency comparable to the ionisation frequency ν 8 . As a consequence, these molecules are non-polar only on average: at every moment, they carry a small dipole that fluctuates rapidly. If the fluctuations in each molecule were independent of each other, there would be no force between them. The force would now be attractive now repulsive and the two would cancel out exactly. However, when two molecules are brought close together, the fluctuations of the dipoles in each one of them become anti-correlated. The result is a net attraction between the two molecules. The quantitative analysis of the attraction between two non-polar molecules has been realised by Fritz London, whose result is

ω L = - 3 2 α 1 α 2 (4π 0 ) 2 d 6 hν 1 ν 2 (ν 1 + ν 2 ) = - C L d 6 (2.23)
where α 1 and α 2 and the polarisabilities of the molecules, ν 1 and ν 2 are their ionisation frequencies. This contribution is called the London force ω L . In most of the materials (except for the highly polar water molecules), this is the interaction that most constributes to attraction [START_REF] Hiemenz | Principles of colloid and surface chemistry[END_REF].

The three contributions (Keesom, Debye and London) are additives. The molecules will therefore undergo the resulting energy

ω = C K + 2C D + C L d 6 = - C tot d 6 .
(2.24)

Eq.(2.24) describes the attraction between two individual molecules. In order to convert this into attraction between two macroscopic bodies A and B, all pairwise combinations of intermolecular attraction have to be summed over the macroscopic bodies A and B. Therefore, the total interaction is a six-dimensional integral.

U vdW AB = - V A V B C AB ρ A dV A ρ B dV B [(x A -x B ) 2 + (y A -y B ) 2 + (z A -z B ) 2 ] 3 (2.25)
where ρ A and ρ B are the densities of the bodies A and B expressed as a number of molecules per unit volume, in such a way that ρ A dV A and ρ B dV B are the number of the molecules in the volumes of A and B. According to the geometry of the two bodies the result of the integral leads to different functions. In the case of identical spheres of radius R s , the result of the integral Eq.(2.25) has been calculated by [START_REF] Hamaker | The london-vander waals attraction between spherical particles[END_REF]:

U vdW AB = - A 6 2R 2 s r 2 -4R 2 s + 2R 2 s r 2 + log r 2 + 4R 2 s r 2 (2.26)
Where A is the Hamaker constant, an intrinsic property of the system depending on the charge density in each of the two macroscopic bodies. r is the distance between two centers of two spheres.

Electrostatic potential

The presence of an electric charge on the oxide surface implies a compensation of this charge by the solution, to satisfy the local electroneutrality. This compensation is accomplished by ions of opposite charge to that of the surface (counter-ions), whose arrangement determines the magnitude of the electric potential at a certain distance to the particle surface. The variation of potential with distance from a charged surface of arbitrary shape is an electrostatic problem. The general problem is described by the Poisson equation

(∂ 2 ψ/∂x 2 ) + (∂ 2 ψ/∂y 2 ) + (∂ 2 ψ/∂z 2 ) = -(ρ * /ε) (2.27)
where ψ is the potential, ε = ε r ε 0 and ρ * is the charge density in the system in [C • m -3 ]. The solution of this equation is an expression of the potential ψ(x, y, z) that also satisfies the boundary conditions of the problem. By convention a potential ψ 0 is taken at a zero difference from the surface and as the distance from an isolated surface increases to infinity, the value of ψ approaches zero.

Then, by expressing ρ * with the Boltzmann equation, we obtain the so called Poisson-Boltzmann equation

(d 2 ψ/dx 2 ) = -(e/ε) i z i n i∞ exp(-z i eψ/(k B T )).
(2.28)

The Debye-H ückel theory considers only the situations in which the surface potential is very low (z i eψ < k B T ). The advantage of this method is that in electro-neutrality conditions ( i z i en i∞ = 0) the Poisson-Boltzmann equation can be linearized

(d 2 ψ/dx 2 ) = κ 2 ψ.
(2.29)

and it gives an explicit solution, which is the limiting results of the Eq.(2.28) for low potentials. For spherical electrical double layers (see Fig. 2.10) the solution is

ψ = ψ 0 (R s /r)exp[-κ(r -R s )] (2.30)
where r is the distance of any point in the double layer from the center of the particle. It is convenient to identify the constant

κ = e 2 εk B T i z 2 i n i∞ 0.5 , (2.31)
because the inverse of κ is called the Debye length: the length of the layer of ions that are strongly bond to the particles and screen the electrical field of the particle.

In order to calculate the electric interaction potential between two particles, the criterion of force equilibrium is applied. At equilibrium, all forces (of pressure and electrostatic) on any volume element that lies between the two interacting particles must balance.

In particular, the electric force is calculated as the inverse of the electric potential obtained with the Poisson-Boltzmann method. The solution of the integration enables to calculate a repulsion force. For a symmetric electrolyte, the Derjaguin approximation leads to the following result for the repulsion potential U el between two spherical surfaces:

U el = 64πR s k B T n ∞ κ 2 Υ 2 0 exp (-κs) (2.32)
where

Υ 0 = [exp(zeψ 0 /(2k B T )) -1]/[exp(zeψ 0 /(2k B T )) + 1]

DLVO interaction potential

The total potential energy U tot of interaction is given by the sum of the attractive Van der Waals and the repulsive electrostatic contributions:

U tot = U V dW + U el (2.33)
In Fig. 2.11 the potential energy curves are illustrated for the interaction of two spherical colloidal particles, each of radius R s . Negative values correspond to attractions and positive values to repulsion. In "unstable" suspensions the attraction potential dominates on repulsion potential, in "stable" suspensions the repulsion dominates. The interaction potential of "metastable" suspensions presents shallow minimum at long inter-particle distance called "secondary minimum" while the deep minimum at short inter-particle distance is called "primary minimum".

The computation of the total interaction potential enables to compute the dynamics of colloidal particles.

Fuchs stability ratio

Using the expression of the DLVO potential (Eq.(2.33)), the theoretical Fuchs stability ratio W is

W = 2R s ∞ 2Rs exp U tot k B T dr r 2 ≈ 1 2κR s exp U tot,max k B T (2.34)
which represents the ratio between the rates of rapid (diffusion limited) and slow (reaction limited) aggregation. A stability ratio of 1 corresponds to a strongly unstable suspension (fast aggregation/agglomeration kinetic). The higher is W the more stable the suspension. The stability ratio is highly sensitive to the surface potential and to the ionic strength.

In the literature we can find different methods for estimating the stability ratio in the early stages of the aggregation/agglomeration process using light-scattering data. [START_REF] Holthoff | Coagulation rate measurements of colloidal particles by simultaneous static and dynamic light scattering[END_REF] proposed two expressions for the initial coagulation rate constant of Brownian particles k 11 , to estimate the Fuchs coefficient from static and dynamic light scattering data. In particular, for static light scattering

k 11 ∆I(q, t) ∆t | ∆t→0 • 2 • a • q I(q, 0) • 1 sin(2aq) • N 0 (2.35)
where I(q, t) is the scattered intensity for a scattering vector q (see section 4.2.2) and time t, a is the radius of the elementary particles and N 0 is the initial concentration number of particles.

Concerning dynamic light scattering

k 11 1 N 0 • r h,2 r h,2 -r h,1 • dr h (t) dt | t→0 r h (0) - dI(q,t) dt I(q, 0) (2.36)
which depends on the hydrodynamic radius of the monomer (r h,1 ) and dimer (r h,2 ).

The stability ratio can be estimated by dividing the fast coagulation rate constant k 11,f ast by a slow coagulation rate constant k 11,slow [START_REF] Snoswell | Colloid stability and the influence of dissolved gas[END_REF])

W = k 11,f ast k 11,slow
(2.37)

Population-balance equation

Population-balance equation describes the evolution of a large colloidal system (of about 10 21 particles) in terms of size distribution. The governing equation can be written in its discrete form as

dN k dt = 1 2 k-1 i=1 β agg i,k-i N i N k-i -N k ∞ i=1 β agg ik N i -β break k N k + ∞ i=k+1 Γ k,i β break i N i (2.38)
where

• N k is the concentration number of clusters of mass ξ k , where the mass means the number of primary particles;

• the first term represents all possible collisions leading to the formation of an aggregate of mass ξ k ;

• the second term represents the rate of disappearance of the aggregates of mass ξ k due to aggregation with aggregates of any mass;

• the last two terms of the right-hand side provide the contribution due to breakage. The third term is a mass loss due to the breakage of aggregates with mass k while the last term is a positive contribution due to formation of clusters with mass ξ k generated by the fragmentation of all clusters with mass ξ i > ξ k ;

• the β terms are the kinetic constants associated either to an aggregation or to a breakage process;

• the function Γ k,i is the fragment distribution function, which is defined as the number of fragments with mass ξ k generated by breaking a cluster with mass ξ i .

This equation models the evolution of a size distribution function. This is done by following the evolution of the concentration number of aggregates of mass ξ k with time. The mass is related to the fractal dimension via the relationship in Eq.(2.5).

In Brownian conditions the Eq.(5.30) takes its simplest form, reduced to only Smoluchowski aggregation kernel β agg i,j .

Derivation of Smoluchowski aggregation kernel

Consider steady state flow rate F of identical particles diffusing through a sphere centered around a given particle

F = 4π • D 11 • R 11 • N 0 (2.39)
where D 11 is the Brownian diffusion coefficient, R 11 is the particle collision radius (equal to twice the radius of the particles) and N 0 is the concentration number of particles in the bulk.

At the beginning of an aggregation process, the initial rate of decrease of the particle concentration in the bulk (R 0 agg ) is given by

R 0 agg = - 1 2 N 0 • F = - 1 2 • β agg N 2 0 (2.40)
where the factor 1/2 enables to count each collision event only once. β agg = 4πD 11 • R 11 can be considered as a reaction rate constant in a second order kinetics. For particles of equal size R p , this constant becomes

β agg = 16πD 11 R p .
(2.41)

Using the Stokes-Einstein equation (D 11 = 8/3 • k B T /η) and for two distinct particles with radius

R i and R j β agg,DLCA i,j = 4π(D i + D j )(R i + R j ) = 2 3 k B T η (R i + R j ) 1 R i + 1 R j (2.42)
In order to express the radius of the particle in terms of fractal dimension we have to consider the relation between the size R i of an aggregate and its mass i. Considering a solid sphere this relation is

i = ρ 4 3 πR 3 i , (2.43)
where ρ is the density of each particle. On a log-log plot Eq.2.43 leads to a straight line with slope 1/3. By substituting it in Eq.(2.42) the expression for rate constant becomes

β agg,DLCA i,j = 2 3 k B • T η (i 1/3 + j 1/3 ) i -1/3 -j -1/3 (2.44)
A similar straight line is observed also in the case of geometries different from a sphere, and the slope is 1/d f where d f is defined as the fractal dimension. Eq.(2.42) turns into

β agg,DLCA i,j = 2 3 k B T η (i 1/d f + j 1/d f ) i -1/d f -j -1/d f (2.45)
called the Smoluchowski kernel in diffusion limited conditions.

In the case where the repulsive energy barrier is not negligible, the aggregation becomes slower and controlled by the presence of the inter-particle potential. This leads to a kinetic constant that depends on the fractal dimension and on the Fuchs stability factor W

β agg i,j = β agg,DLCA i,j W . (2.46) When W = 1 β agg i,j = β agg,DLCA i,j
.

(2.47)

Kernels depending on shear

In many industrial processes the colloidal suspension is stirred and the hydrodynamic conditions can induce aggregation and breakage.

The shear-induced coagulation kinetics can be modelled including hydrodynamics in the Smoluchowski kernel [START_REF] Lattuada | Population-balance description of shear-induced clustering, gelation and suspension viscosity in sheared dlvo colloids[END_REF])

β agg i,j = min 2 3 k B T ηW i 1/d f + j 1/d f i -1/d f + j -1/d f e 2αP e a ij 4 3 γRp 3 i 1/d f + j 1/d f 3 (2.48) with P e = 3πη γR H,i R H,j (R H,i + R H,j ) 2k B T (2.49)
where R H,i is the hydrodynamic radius of the ith cluster, α = 1/3π, and a ij is the collision efficiency.

There exists also other approaches to account for the collision efficiency [START_REF] Selomulya | Understanding the role of restructuring in flocculation: The application of a population balance model[END_REF]:

a ij = a max • exp -x 1 - R gyr,i R gyr,j 2 R gyr,i •R gyr,j R 2 gyr,i y (2.50)
where x and y are fitting parameters, and a max denotes the upper limit of a ij . During shearing, two particles constituting an aggregate are subjected to different speeds, which induces the rotation of one of the particles in relation to the others and possibly the rupture of the bond. The larger the distance between the two particles, the higher is the hydrodynamic force.

Large aggregates are therefore subjected to a higher shear force [START_REF] Selomulya | Aggregation mechanisms of latex of different particle sizes in a controlled shear environment[END_REF]. The rate of breakage of clusters has been modelled using a power-law model [START_REF] Harshe | Breakage rate of colloidal aggregates in shear flow through stokesian dynamics[END_REF]:

β break i = c 1 (η γ) n R m gyr,i (2.51) 
where c 1 , m and n are parameters depending on the flow field that must be fith with experimental data.

Morphological modelling

This section concerns the modelling of porous solid structures using stochastic packings of elementary objects. The approach consists in creating packings of objects located in random positions in a control volume. These positions are chosen according to probabilistic rules. These models are usually characterised by experimental microscopy-images [START_REF] Wang | Modelling mesoporous alumina microstructure with 3d random models of platelets[END_REF][START_REF] Moreaud | Tem image analysis and modelling: Application to boehmite nanoparticles[END_REF] or granulometry measurements [START_REF] Wang | Modelling of the microstructure of mesoporous alumina constrained by morphological simulation of nitrogen porosimetry[END_REF], and they can be used to represent the structure of γ-alumina porous solids.

In the first part of this section we define the mathematical formalization of an image, and we recall the fundamental morphological operators. Then, a brief review of the morphological packing models is presented. These can be classified within several families, that can present either overlapping object or non overlapping objects.

Discrete geometry and mathematical morphology

The concept of image

An image I of dimension d whose values are in a space of dimension n can be defined in a very general way as any function of the functional space R n x R d . In this work the values of 3D images are discrete and translated into colors on a gray scale (0 corresponds to the black color or an empty space and 255 corresponds to the white color or a full space occupied by the solid). The definition of an image I defined in domain X of values in set Y is:

I : X ⊂ Z d ↔ Y ⊂ Z n , d = 3 (2.52)

Mathematical morphology: operations on sets

Structuring element

I is an image defined in X ⊂ Z d according to (2.52) and its values are in

Y ⊂ Z. Any subset B of Z d is a structuring element: B ⊂ Z d . For x ∈ X, B
x is called the translation of the structuring element B by vector x, defined by

B x = {b + x|b ∈ B}, ∀x ∈ X.
(2.53)

The symmetric structuring element of B, also called transposed, is expressed by

B = {-b|b ∈ B} (2.54)

Minkowski addition and subtraction

Minkowski addition and subtraction are defined for binary sets respectively as

Y ⊕ Y = x∈X Y x (2.55) Y X = x∈X Y -x = (Y c ⊕ X) c .
(2.56)

These operations constitute the basis of mathematical morphology on binary sets, they correspond to morphological dilation and erosion in binary images.

Erosion and dilation

A set X is defined by a set of points z in R 3 . The complementary set is written as

X c = {z ∈ R 3 , z / ∈ X}.
The position of a set is defined by the position of one of its points in R 3 . The definition of the morphological dilation δ X (Y ) and erosion X (Y ) of the set Y by X are respectively [START_REF] Serra | Introduction to morphological filters[END_REF]:

δ X (Y ) = {z : Xz ∩ Y = ∅} (2.57) X (Y ) = ∩{Y z , z ∈ X}. (2.58)
Where X z is the set translated at point z, X = {x + z; x ∈ X}; and X is the transposed set of X, X = {-x, x ∈ X}. Dilation δ X (Y ) can be seen as the locus of the possible z positions of the Xz transposed element when the latter intersects Y . Erosion X (Y ), on the other hand, can be seen as the location of the possible z positions of the X z element when the latter is contained in Y [START_REF] Serra | Introduction to morphological filters[END_REF]. For the particular case in which the elementary objects are spheres, erosion and dilation can also be defined with distance functions.

δ r (Y ) = x|d(x, Y ) ≤ r (2.59) r (Y ) = x|d(x, Y c ) ≤ r (2.60)

Opening and closing

Two useful operators, opening γ and closing φ, can be composed with dilation and erosion [START_REF] Serra | Introduction to morphological filters[END_REF]:

ϕ X (Y ) = X (δ X (Y )) (2.61) γ X (Y ) = δ X ( X (Y )) (2.62)

Morphological modeling with overlapping

Boolean models

The Boolean model simulates a distribution of overlapping objects. It consists of embedding random primary objects on Poisson points x k with possible overlaps. Any shape and any size distribution can be used for the primary objects. The intensity can be related to the density of the modelled solid structure.

A Poisson point process [START_REF] Matheron | Random sets and integral geometry[END_REF] allows random location of points in space. The number of points to be placed follows a Poisson's law with points density θ depending on the average volume of the primary grains A of the material and the volume fraction V v of the material.

1 -V v = exp(-θ V (A )) (2.63)
The points are located in a uniform manner (mutually independent points), each coordinate of the points follow a uniform law.

A boolean scheme A is obtained by implanting random primary grains A , with overlapping possibilities, on x k points with a Poisson point process.

A = x k A x k (2.64)
It is entirely characterised by its Choquet capacity T (K) which is the probability that a compact K is completely included in the random set. In the stationary case, it is given by:

T n (K) = 1 -Q(K) = 1 -exp(-θ μn (A ⊕ K)) = 1 -q μn(A ⊕ K) μn(A )
(2.65) with q = {x ∈ A c }, K transposed set from K, and μn Lebesgue measure in R n . From Poisson point process, Boolean scheme is obtained by a set union operation. Other models exist by modifying this operation: dead leaves model using overlay, dilution model using addition, or partition model using only points and their area of influence.

Multi-scale models

Multi-scale models can be defined from the union and the intersections of random sets and can represent the multi-scale micro-structures of porous materials. Multi-scale models can be obtained by considering the union or the intersections of two independent random sets (Jeulin, 2012a) as it is exemplified in Fig. 2.13. These models incorporate information from experimental characterisation techniques and their parameters are identified by numerical or (semi-)analytical optimization [START_REF] Moreaud | Tem image analysis and modelling: Application to boehmite nanoparticles[END_REF]. The union or intersection of random sets is a common and simple way to realise multi-scale models [START_REF] Greco | The use of the texture analyser to study sinter structure: application to the morphology of calcium ferrites encountered in basic sinters of rich iron ores[END_REF]. The drawback of these models is that the shape of the elementary particles may not be conserved [START_REF] Moreaud | Multi-scale stochastic morphological models for 3d complex microstructures[END_REF]. Cox model's purpose is to solve this problem by generating several sets of Poisson points, obtain final set of points from the union and/or intersection of those sets and locating elementary objects of a given shape in each point of the final set. 

Morphological modeling without overlapping

Random sequential addition approaches

First, only models with objects of the same size are considered. Random Sequential Addition processes (RSA) [START_REF] Widom | Random sequential addition of hard spheres to a volume[END_REF], allow for a sequential placement of objects in random positions. An object is implanted only if it does not come into contact with any other object already present. This type of simulation is well suited for low-density modeling with low computational time. In variants of this model, already implanted object can be removed to make room for the current object [START_REF] Matern | Spatial variation[END_REF]. Intrinsic overlapping morphological models can be used for non-overlapping modelling as the dead leaves model [START_REF] Jeulin | Random texture models for material structures[END_REF] if only the non-overlapping objects are maintained at the end of the simulation (Fig. 2.14). This model produces low-density packings. If low density models are relatively trivial to simulate, this is no longer the case when a high density of objects is desired. Concerning dense simulations, some models [START_REF] Delarue | Multi-scale simulation os spherical aggregates[END_REF] start from an optimal dense arrangement removing randomly some objects to create holes, then add perturbations on objects close to the voids, taking into account collisions. [START_REF] Lubachevsky | Geometric properties of random disk packings[END_REF]) follows a sequential placement as for the RSA models, and when a new object touches a previously implanted one, collisions enable to modify the objects already present. It is also possible to use a first non-dense RSA-type model, which is then compressed into a smaller volume [START_REF] Baranau | Random-close packing limits for monodisperse and plydisperse hard spheres[END_REF], or completed with a non-random placement of spheres [START_REF] Zhang | Precise algorithm to generate random sequential addition of hard hyperspheres at saturation[END_REF]. These families of models also require calculations of collisions between objects. Although the number of possible interactions remain limited, the calculation time can quickly become important.

Filling approach

A last family of models, with a higher computational time, simulates the filling of a volume through collision during object fall (Seyed-Ahmadi & Wachs, 2019). They allow extremely realistic simulations, by simulating objects falling into the volume and gradually filling it.

Models with objects of variable size

Models with objects of variable size are now considered. The same described approaches can be used. There exist models based on the union of spheres and force-biased approach from molecular dynamics [START_REF] Mości Ński | The force-biased algorithm for the irregular close packing of equal hard spheres[END_REF] for creating packings of fibers [START_REF] Altendorf | Random-walk-based stochastic modeling of three-dimensional fiber systems[END_REF] (Fig. 2.15) or any other objects [START_REF] Donev | Neighbor list collision-driven molecular dynamics simulation for nonspherical hard particles. i. algorithmic details[END_REF]. For models with a wide size distribution of objects, with a high ratio between small and large objects size, it is possible to simulate dense packings even with RSA processes [START_REF] Adamczyk | Influence of polydispersity on random sequential adsorption of spherical particles[END_REF], or dead leaves models [START_REF] Jeulin | Some dense random packings generated by the dead leaves model[END_REF]. The reduction of the number of collision tests via a suitable computational method is often limited to spherical objects [START_REF] Torquato | Robust algorithm to generate a diverse class of dense disordered and ordered sphere packings via linear programming[END_REF]. Most of these models define the object locations using real coordinates. However, collision calculations can be simplified with discretizations [START_REF] Zhang | Precise algorithm to generate random sequential addition of hard hyperspheres at saturation[END_REF]. There are very few complete approaches based on approximations on discrete grids. It should also be noted that most of the publications concern spherical objects, sometimes ellipsoids.

Summary of chapter 2

The textural characteristics of a γ-alumina catalyst carrier depend on the operating conditions of the peptization-and-kneading process, which entail the modification of aggregates and agglomerates.

Aggregates are small assemblies with a high cohesive force. Agglomerates are larger assemblies characterised by a weaker cohesive force. The size and shape of the colloidal assemblies is the consequence of the physical-chemical parameters of pH, ionic force, concentration and of the hydrodynamic conditions. The variation of these parameters can lead to different kinetics which can be described by several mechanisms. The mechanisms that are usually used in the literature are the DLCA (Diffusion Limited Cluster Aggregation/Agglomeration) and RLCA (Reaction Limited Cluster Aggregation/Agglomeration). The first one represents a fast coagulation kinetic and the second a slow kinetic. Typically a DLCA mechanism lead to low fractal dimension and the RLCA to high fractal dimension.

The coagulation within a colloidal suspension can be modelled by describing the forces that act on every colloidal particle. This allows to compute the particles trajectories and to compute the coagulation dynamics. Typically these models account for the DLVO interaction forces (attraction force and repulsion force) and for Brownian motion Langevin force. These Lagrangian simulations give access to the fast kinetics that are not measurable experimentally, the drawback is that this models cannot be used for realistically large number of colloidal particles. This problem can be solved by means of the population-balance equation, which simulates the particles size distribution of realistically large colloidal systems (10 21 particles). This model, depends on aggregation and breakage kernels, that has to be fit with experimental data. Another modelling approach enables to build aggregates by randomly placing primary particles in a controlled volume. Currently these models do not mimic a physical coagulation process but rather the final morphology of a solid, and they are often fit with the results of experimental characterisation analyses.

The novelty proposed by this work consist in characterising a purely geometrical morphological model with physical-chemical parameters. The bridge between the morphological model and the experimental data is constituted by the population-balance equation and a Lagrangian model accounting for brownian motion and DLVO theory.

Chapter 3

Strategy of the PhD

This work is aimed at an efficient development of a γ-alumina catalyst carrier. This is achieved by developing a model of the porous structure depending on the physical-chemical parameters of the manufacturing process. On the long-term such a model could be applied to find the most suitable operating conditions to produce a catalyst carrier with desired textural properties, enhancing the efficiency of the manufacturing process, which is currently based on empirical rules. γ-alumina catalyst carriers are characterised by a multi-scale structure. During the manufacturing process, boehmite crystallites of a few nanometers formed during a precipitation step, aggregate to form aggregates of a few tens of nanometers. The aggregates agglomerate to form small agglomerates of hundreds nm. The small agglomerates assembly to form large agglomerates that can reach few µm. This phenomenon occurs industrially within a boehmite paste where the powder reaches around 50% of the total volume. But in order to adjust the parameters of theoretical models via fitting of experimental data, low-concentration boehmite suspensions (between 0.02 and 5 g/L) have been characterised in this work. This study focuses on boehmite colloidal aggregation and agglomeration during the base addition of the peptization-and-kneading unitary operation. The hydrodynamic forces, are not taken into account in order to consider only the effect of pH, ionic strength and powder concentration in Brownian conditions. The initial system is a colloidal suspension of peptized boehmite powder in acidic water, whose average diameter is around 20 nm. The addition of base can enhance the coagulation of the colloidal particles, with the formation of structures that can reach up to few µm.

With the aim of describing the multi-scale structure, different characterisation techniques are used (see Fig. CHAPTER 3. STRATEGY OF THE PHD -Small angle X-ray scattering (SAXS) measures the average gyration radius and fractal dimension of aggregates and small agglomerates (colloidal assemblies of boehmite that can reach respectively around 50 nm and 300 nm in terms of maximum length).

-Dynamic light scattering (DLS) measures the average hydrodynamic diameter of large agglomerates that can reach few µm.

-Laser Diffraction measures the average diameter and the size distribution of the large agglomerates.

-Scanning transmission electron microscopy (STEM) measures the size distribution and the fractal dimension on a large size range (form around 20 nm to tens of µm. A scheme of the strategy is illustrated in Fig. 3.2. DLS and SAXS analyses are performed in-situ. SAXS enables to characterise the boehmite aggregates and small agglomerates in terms of fractal dimension and gyration radius R gyr . DLS enables to measure the average hydrodynamic radius of large agglomerates. The in-situ experiments measures the coagulation kinetics of low concentration systems. Indeed, for too high concentration, the coagulation time scale is lower thn the acquisition time. In order to fill these experimental gap, a Lagrangian model based on DLVO interaction potential and on Langevin force (accounting for Brownian motion) is used. The experimental data are interpreted, via a fitting procedure, with the population-balance model [START_REF] Kumar | On the solution of population balance equations by discretization -i: Fixed pivot technique[END_REF], giving an estimate of the fractal dimension d f , of the mass distribution ξ and of the gyration radius R gyr . These parameters are related by the mass-radius relationship [START_REF] Gmachowski | Mass-radius relation for fractal aggregates of polydisperse particles[END_REF] 

ξ = R gyr a d f (3.1)
where ξ is the mass number (number of elementary particles in a cluster) and a is the radius of the elementary particle. In order to fit the experimental DLS data, the aggregation kernel of the population-balance presents only the Smoluchowski term (see sec. 2.3.3), whose fit parameters are the fractal dimension d f and the Fuchs stability ratio W . SAXS data concerning small agglomerates enables to validate the fractal dimension d f . The elementary particle for the agglomeration process is the aggregate whose size and fractal dimension are estimated via SAXS and STEM analyses.

SAXS analysis has been performed under mixing. The validity of the Brownian kernel has been checked via a fitting procedure using the complete population-balance equation. When the suspension is kept under mixing, the aggregation kernels of the population-balance depend also on the shear rate γ and breakage kernels must be included. The fit parameters of the breakage kernel are adjusted by fitting with Laser diffraction data. The evolution of the average gyration radius is experimentally observable at low concentration (between 0.02 and 5 g/L), a validation of the population balance model for higher concentrations is achieved by fitting the results of a Brownian dynamics model.

Fractal dimension and the mass distribution enable to parametrise a morphological model to simulate large volumes of solid structure. The morphological model is generalized to all types of geometry of the elementary particles, this enables to build aggregates respecting a given fractal dimension d f,1 up to a certain threschold R gyr,1 , and to use such aggregates to build agglomerates following another fractal dimension d f,2 and another size distribution up to R gyr,2 . This procedure leads to a multi-scale model of the solid structure, which mimics the colloidal agglomerates of boehmite. The accomplishment of our approach is realised using the morphological model to estimate textural properties of a dried boehmite powder, deriving from an agglomerated colloidal suspension.

Chapter 4

Experimental techniques

In the synthesis of catalytic supports of γ-alumina, the control of textural properties is of major importance. In order to move towards rational synthesis, it is necessary to understand the effect of various physical-chemical synthesis parameters on the solid formation and rearrangement. In order to observe boehmite colloidal systems during aggregation/agglomeration different techniques have been applied. Before characterising the size and structure of boehmite aggregates and agglomerates, a dosing study has been realised via pH and zeta potential measurements. Then, in situ analyses are performed in order to measure the coagulation kinetics. Dynamic Light Scatteirng (DLS) measures the average hydrodynamic diameter of the suspension in Brownian motion (from tens of nanometers to few µm). Small Angle X-Ray Scattering (SAXS) is used to observe the evolution of fractal dimension and size at different levels of structural organization, the aggregates (5-50 nm) and the agglomerates (50 -300 nm). Laser diffraction (LD) experiments give access to the complete size distribution of the colloidal suspension. SAXS and LD equipment require to maintain the suspension under a certain shear rate, particles are not in Brownian motion. Scanning Transmission Electron Microscopy (STEM) is realised ex-situ on boehmite suspensions at equilibrium. This technique is used to characterise the morphology of aggregates and agglomerates, and to provide size distribution and fractal dimenison via image processing.

For each technique, the sample is prepared in a different way according to the optimal operating conditions. For this reason the results obtained from different techniques are not to be directly compared but provide complementary information for the study of the coagulation kinetics. The observable size ranges considering the analysis techniques used have been illustrated previously (see Fig. 3.1).

Zeta potential measurement

The dosing curves and the Zeta potential-pH curves are obtained via pH and Zeta potential measurements.

Electrophoretic mobility

When an electric field is applied across an electrolyte, charged particles suspended in the electrolyte are attracted towards the electrode of opposite charge. Viscous forces acting on the particles tend to oppose this movement. When equilibrium is reached between these two opposing forces, the particles move with constant velocity. Electrophoretic mobility is intended as the ratio between the velocity of a particle v relative to the liquid under the influence of an applied electric field and the electric field strength E. Its definition is given by the Henry equation [START_REF] Henry | The cataphoresis of suspended particles. part i. the equation of cataphoresis[END_REF])

v E = 2εζF (κa) 3ν (4.1)
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where ζ is the Zeta potential, ε is the solvent dielectric constant, ν is the viscosity and F (κa) is the Henry's function (dimensionless). This latter depends on the ratio between the particle radius a and the Debye length 1/κ which is often taken as a measure of the thickness of the electrical double layer. It can be computed using:

• The Smoluchowski approximation if the electro-phoretic determination of the zeta potential takes place in an aqueous medium with a moderate electrolyte concentration. If the particles are large (at least 200 nm) and are dispersed in an electrolyte containing more than 0.001 M salt F (κa) ∼ 1.5 [START_REF] Smoluchowski | Über brownsche molekularbewegung unter einwirkung äußerer kr äfte und deren zusammenhang mit der verallgemeinerten diffusionsgleichung[END_REF].

• The Huckel approkimation if the particles are smaller and dispersed in a medium with a low dielectric constant F (κa) ∼ 1.0 (H ückel, 1924).

The illustration of these two cases is presented in Fig. 4.1. 

Experimental protocol

In order to measure the Zeta potential ζ of boehmite suspensions we used the Malvern Zetasizer Nano ZS and capillary cells of 1 mL with electrodes. When a potential is applied, particles move towards the electrode, their velocity is measured and then expressed in terms of electrophoretic mobility. The pH is measured using a pH-meter (Seven2Go Mettler Toledo) and the Zeta potential is obtained with electrophoretic mobility measurements. In Fig. 4.2 we illustrate the protocol for the construction of a pH-Zeta curve. We start by measuring the pH and the corresponding ζ-potential of a well peptized boehmite suspension that is let under stirring for one night at pH 3 (see section 6.2). Then we add a base (ammonia) ,that increases the pH, and we measure again the pH and the ζ-potential. This procedure is repeated several times, adding ammonia progressively. The results are to be reported on a ζ-pH graph.

In-situ characterisation

These analyses are used to provide the time evolution of an average radius of the colloidal suspension with DLS and LD and an average radius and fractal dimension of aggregates and small agglomerates with SAXS.

Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) determines the diffusion velocity of particles in Brownian motion. This is done by measuring the fluctuation rate of the scattered light [START_REF] Pecora | Dynamic light scattering: Applications of photon correlation spectroscopy[END_REF]. A scheme of the equipment is presented in Fig. 4.3. The size of the particles is obtained by fitting a correlation function that depends on the signal intensity at time t and the signal intensity at time t + δt, where δt is very small (microseconds):

G(δt) =< I(t) • I(t + δt) > . (4.2)
-If the intensities of two successive time instants are perfectly correlated the value of the function is 1, if they are not correlated the value of the function is 0.

-If the particles are large the signal will change slowly and the correlation will remain longer.

-If the particles are small and move quickly then the correlation will reduce faster.

The time that corresponds to the beginning of the decrease of the correlation is related to the average size of the sample, the steeper the curve is, the more the sample is mono-dispersed, and vice versa, the more extended the line is, the larger the polydispersity of the sample is (see Fig. 4.5). 

The Cumulant method

There are several algorithms for the correlation curve fit [START_REF] Pecora | Dynamic light scattering: Applications of photon correlation spectroscopy[END_REF][START_REF] Iso | Particle size analysis -dynamic light scattering[END_REF]. The simplest and the one that has been used in this work is the Cumulants Method where there are two parameters to describe the population distribution: the average particle diameter x and the polydispersity index P dI.

The correlation curve can be fit with the model

G(τ ) = A[1 + Bexp(-2 Γτ + µ 2 τ 2 )]. (4.3)
This is the base for the determination of the average diameter x linked to the average decay rate Γ or first cumulant and for the determination of the polydispersity index P dI linked to the second cumulant µ 2 . The decay rate Γ is related to the average translational diffusion coefficient D for homogeneous spherical particles in Brownian movement as given in the formula

Γ = Dq 2 , (4.4)
where q is the module of the scattering vector defined as the difference between the incident and the scattered wave vectors k i and k s respectively: q = k s -k i . The module of both vectors is equal to 2πn/λ 0 where n represents refractive index of liquid suspension. Therefore q can be calculated as q = 4πn λ 0 sin(θ/2).

(4.5)

The relation between x and D is given by the Stokes Einstein equation

D = k B T 3πηx . (4.6)
The second cumulant is reated to the polydispersity index P dI as given in the formula

P dI = µ 2 Γ2 (4.7)
The Cumulants Method is rather simple and less accurate than other more complex algorithms that calculate also a size distribution in intensity, volume and number but is robust and and enough for our needs. During the boehmite coagulation process, the size distribution enlarges and it is unstable. This causes a noisy correlogram. The fit of this curve with more complex method deriving from Mie theory would amplify these errors leading to misleading size distributions.

Experimental protocol

DLS analysis was performed with Malvern Zetasizer Nano ZS. To observe the coagulation, we had to find a suitable protocol to prepare initial well dispersed suspensions. These suspensions were called t 0 (sample state at time t = 0 min, see section 6.2). 1 mL of sample is taken and filtered at 5 microns before injection in the DLS measurement cell (using a syringe filter). This procedure is necessary to remove any dust that could falsify the measurement and to eliminate the rare grains of non peptized boehmite that would not be visible in DLS. Then, 0.2 mL of ammonia are injected directly into the cell and DLS measurements are taken for the next 20-30 minutes (Fig. 4.6). 

Small Angle X-Ray Scattering (SAXS)

Small Angle X-Ray Scattering enables the analysis of multi-scale systems for a large range of concentrations (from a dilute system of 0.2 g/L to a paste or even a powder) with the measure of gyration radius, aggregation/agglomeration degree and fractal dimension. The technique consists in irradiating a sample with an X-ray beam (Fig. 4.7). The photons interact with the electronic cloud of the compounds in the sample, this lead to a scattering phenomenon. A detector measures the spatial distribution of the intensity scattered by the sample. The raw data consists of a 2D map representing the angular distribution of the scattered intensity. In order to obtain the I(q) 1D curve, an integration step is required, which in our case was performed using the Foxtrot program. The SAXS scattering curve represents the scattered intensity as a function of the scattering vector q, which depends on the scattering angle θ. The higher the value of q, the smaller the analysed scale

q = 4π λ • sin(θ). (4.8)
The general expression of the scattering for a system constituted by particles is:

I(q) = N • ∆ρ 2 V s ∞ 0 P (R) • V 2 p (R) • F 2 (q, R) • S(q, R) • dR (4.9)
where V s is the sample volume, V p is the volume of the scattering particles, F 2 (q, R) is the form factor, P (R) is the particle size distribution in number , S(q, R) is the interference function, N is the particle number, R is the particle radius and ∆ρ 2 is the contrast factor. SAXS analysis generally enables to characterise colloidal particles within a range of 1 to 300 nm. For mono-dispersed particles in diluted systems the equation becomes

I(q) = φV p • ∆ρ 2 • F 2 (q, R). (4.10)
Where φ is the sample volume fraction. For ideal fractal systems the SAXS curve presents three zones that depend on the solid network (Fig. 4.8):

-Porod region: at high q the scattered intensity depends on primary particles or crystallites;

-Kratky region: at intermediate q, the curve slope is related to the aggregates fractal dimension;

-Guinier region: at low q , the intensity is related to the aggregates size and fractal dimension;

The crossover points between each region are linked to the characteristic size of particles (called l on Fig. 4.8) and aggregates q/(2π) = 1/l or q/(2π) = 1/ξ l with ξ l the end-to-end size of aggregates. 

The experimental device

The analyses were performed at the SWING beamline at synchrotron SOLEIL in Saint Aubin, France. The boehmite suspensions have been placed in a stirred reactor, from which the sample is pumped continuously thanks to a peristaltic pump at 100 mL/min through a quartz capillary, crossed by the X-ray beam. The suspension passes through a first pipe of 150 cm long before reaching the capillary. The time required to cover this distance is approximately 2.5 seconds. After that, the flows is conveyed back to the reactor with a 70 cm long pipe. The internal diameter of the pipes and the capillary is respectively of 4 and 1.5 mm. The scheme of the stirred reactor is represented in Fig. 4.9 on the left. The entire apparatus is on Fig. 4.9 on the right. In order to do an in situ analysis of the coagulation, the base injection is performed with remote control of two syringes. The pH value is controlled by a pH meter, whose probe is immersed in the reactor. The pH value can be monitored in real time by means of a camera. 

Acquisition conditions

The incident beam energy is 10 keV. It enables to optimize the scattered intensity relatively to the sample thickness. Before starting the coagulation process, the initial well dispersed suspension is analyzed. To cover a large domain of q and so a large size-range, two distances of sample detector (964 and 6662 mm) are employed. The scattering images are recorded using a PILATUS detector. The acquisition time is 3 seconds. The in situ analysis is performed at long distance (low q) assuming that the elementary platelets should not change during coagulation. In order to verify this assumption, the last measure is also performed at high q. No appreciable difference between the two curves obtained at low q is observed, which means that the elementary particles (part of the curve at low q) are not affected by the agglomeration process.

Data processing

With 1D reduction with the Foxtrot software, raw data were corrected with respect to: acquisition time, geometrical effects like the projection of the detector plane on the sphere with radius equal to the sample-detector distance and the incoming-photon flux. The data are also corrected by the scattering from capillary filled with the electrolyte and the capillary diameter for the liquid samples. Indeed, the complete scattering curve corresponding to the solvent without boehmite has to be subtracted from all the curves. This cancels the effect of scattering due to the electrolyte. Finally, in order to calibrate the intensity in absolute units, i.e. expressed as differential scattering cross section per unit volume in cm -1 , water is measured and a correction factor has been calculated from the ratio between the theoretical data and the experimental data:

I abs (q) = I(q) • I theory H 2 O I exp H 2 O (4.11)
where I theory H 2 O is the theoretical value calculated from the fundamental properties of water which is equal to 0.0162 cm -1 and I exp H 2 O is the one determined experimentally. Finally, as the scattering curve at high q remains unchanged after the coagulation process, the curves obtained at low q can be attached to the one at high q. The union of the two curves gives the entire scattering curve of all the structural scales between 1 and 300 nm.

Beaucage model

Given the shape of the curves (two inflections of the scattered signal and typical slopes) and based on boehmite knowledge, the boehmite suspensions can be considered as fractal system with primary particles, aggregates and agglomerates scales [START_REF] Speyer | Peptization of boehmites with different peptization index: An electron microscopy and synchrotron small-angle x-ray scattering study[END_REF]. Indeed, three different domains can be observed on these curves:

• At high q (between 10 -1 Å-1 and 3 • 10 -1 Å-1 ), a Porod regime is badly observed with a slope of -4, characteristic of smooth surface.

• At medium q (between 5 • 10 -3 Å-1 , and 10 -1 Å-3 ), another power-law regime with a slope closed to -2 is characteristic of fractal clusters.

• At small q (inferior to 5•10 -3 Å-1 ), another Porod-type regime is observed with a slope inferior to -3.

The cross-over of the first two domains can lead to the determination of the particle correlation length. Unfortunately, the presence of agglomerates make it difficult to measure the aggregate size, usually obtained from the cross-over of the power-law fractal domain and the Guinier plateau.

In order to estimate the characteristic dimension and fractal dimension, there exist different models for fractal systems, the most common one is the one of Guinier and Beaucage [START_REF] Hammouda | Analysis of the beaucage model[END_REF][START_REF] Beaucage | Structural studies of complex systems using small-angle scattering: a unified guinier/power-law approach[END_REF][START_REF] Beaucage | Particle size distributions from smallangle scattering using global scattering functions[END_REF]. The general formula of the model for the n scales is:

I(q) = n i=1 G i • exp - q 2 R 2 gyr,i 3 + B i - q 2 R 2 gyr,i+1 3 •      erf q • k i • R gyr,i √ 6 3 q      P i (4.12)
Where:

• n refers to the structural level (equals to 1, 2 or 3 for agglomerates, aggregates and crystallites respectively);

• G i is the Guinier pre-factor depending on the number concentration of the structural unit

N d • r 2 e • ∆ρ 2 • V i (N d
is the particles number density, r e is the electron radius, ∆ρ is the electron density difference between the sample and the environment, V is the average particle volume);

• R gyr,i is the gyration radius;

• B i is a constant pre-factor depending on the type of power-law scattering and on P i (Hammouda, 2010);

B i = G i • P i R ( gyr, i) P i • Γ P i 2 • 6 • P 2 i (2 + P i ) • (2 + P i ) P i 2 (4.13)
• k i is an empirical constant that depends on P i [START_REF] Hammouda | Analysis of the beaucage model[END_REF], its value is close to 1;

• P i is the slope of the curve in the structural level i, corresponding to the fractal dimension.

In our case, the SAXS curves present three scales. A nonlinear Least-Square Algorithm DN2FB [START_REF] Dennis | An adaptative nonlinear least-squares algorithm[END_REF] has been used for the curve fitting. The exponent P 3 and the term R crys gyr relative to the particle scale have been respectively fixed to -4 and 2 nm and in order to eliminate one parameter in the fitting procedure. This assumption has been checked by hand measurements.

From the Beaucage fit it is possible to define the degree of agglomeration, which is the number of aggregates contained within an agglomerate.

N aggl = G 1 G 2 (4.14)
enables to estimate the degree of agglomeration independently on the fractal nature (mass or surface). According to [START_REF] Kammler | Structure of flame-made silica nanoparticles by ultra-small-angle x-ray scattering[END_REF] this equation involves no assumptions concerning the aggregate structure except that the particles described by G 2 agglomerate to form the structure described by G 1 ,

G i = N i • n 2 e,i . (4.15)
N i is the density number of the object of scale i and n i is its average number of electrons.

N aggl,2 = ((R aggl gyr )/(ξ l /2)) d aggl f (4.16)
is the definition of the degree of agglomeration for a fractal mass (coincides with Eq.(2.5)), where ξ l is the end-to-end length of the aggregates [START_REF] Kammler | Monitoring simultaneously the growth of nanoparticles and aggregates by in situ ultra-small-angle x-ray scattering[END_REF])

ξ l = [(1 + 2/d aggr f ) • (2 + 2/d aggr f )] 1/2 • R aggr gyr .
(4.17)

Laser Diffraction

This technique measures the diffraction pattern of a laser beam that passes through a sample of dispersed particles. The analysis of the diffraction pattern is either based on the Fraunhofer or on the Mie diffraction theory [START_REF] De Boer | Laser diffraction spectrometry: Fraunhofer diffraction versus mie scattering[END_REF]. In Frauhofer theory, the intensity of the light scattered by a particle is proportional to the particle size. The angle of the laser beam and particle size are inversely proportional: the smaller the particles, the larger the resulting diffraction angles. Below one micron, Fraunhofer diffraction theory is not covering all effects of the laser light. Indeed, the Mie theory can then be used to take into account the effects of reflection, absorption and refraction. Particles are considered as isotropic (spherical) and with a smooth surface [START_REF] Merkus | Laser Diffraction[END_REF].

The suspensions have been characterised using MalvernMatersizer 3000. The suspension is stirred and continuously pumped through the measurement cell as shown in Fig. 4.10. The volume treated are higher with respect to the other techniques (500 mL), and the addition of N H 3 is realised by pouring a 25 mL ammonia solution into the initial suspension. The mixing speed has been kept at 1100 rpm in order to ensure a correct sampling without the formation of bubbles. The size distributions weighted with respect to volume and number have been obtained via Mie theory with a refractive index of 1.64 and an absorption index of 0.01.

Scanning Transmission Electron Microscopy (STEM)

This technique enables the observation of objects whose size is between 10 nm and few mm. The scanning transmission electron microscope works by focusing a electronic beam and by scanning the sample while the signal is collected to form an image. Electrons are accelerated from a source and focused into a point on the specimen by a set of condenser lenses and an objective lens. Thin specimen are used. In our case the liquid sample is deposited onto a carbon membrane. -Scanning Transmission Detector (STEM): detects the transmitted electrons. A bright field detector includes the transmitted beam and so the holes appear bright, whereas a dark field detector excludes the transmitted beam and the holes appear dark.

-Through the Lens Detector (TLD): this detector is located within the microscope lens. It is used to obtain morphological information at short distances.

-Energy Dispersive X-Ray Spectroscopy (EDS): it is used to separate the characteristic X-Rays of different elements into an energy spectrum. It is coupled with a software used to analyze the energy spectrum in order to determine the abundance of specific elements.

The microscope images reported in this manuscript have been obtained via Bright field STEM analysis, using the STEM detector. Performing the STEM analysis in a microscope adapted for SEM entails a lower acceleration voltage of the electron beam. In fact, for SEM the maximum acceleration voltage is 30 kV and for classical MET analysis it is 200 kV. This results in a lower resolution but in higher contrast.

Experimental protocol

The used electron beam energy has been 15 kV and the smaller size that could be observed was about 10 nanometers. The scheme of the preparation of the specimens is illustrated in Fig. 4.12. A 10 µl drop of sample is deposited on a copper grid with a holey carbon membrane. The drop is left on the grid for 2 minutes under a IR lamp to let the boehmite deposite on the membrane and to make the liquid evaporate. Then, the remaining liquid is eliminated by absorption on paper and with further drying under IR lamp. After that, the grids are fixed on the sample carrier, ready for the analysis.

Summary of chapter 4

Several techniques are used to characterise boehmite suspensions. Each of them requires specific physical conditions in terms of sample preparation and hydrodynamic conditions. For this reason, the results of the different analyses can not be directly compared, however they can provide complementary information for the study of the coagulation kinetics of boehmite. The characteristics of each measurement technique are summarized in Tab.4.1 and illustrated in Fig. 4.13. • The measurement of zeta potential, performed ex-situ can be realised on boehmite suspension within a concentration range of 0.1-1 g/L. We assume that the results concerning the pH vs zeta potential curve are the same for higher and lower concentrations.

• The Dynamic Light scattering (DLS) is the only in-situ analysis that enables to maintain Brownian conditions. It is therefore the technique that gives the reference results for the fit of the Brownian kernel of the population-balance model.

• The Laser diffraction (LD) covers almost the entire size range of boehmite suspensions but it requires to maintain the suspension under mixing. Therefore the agglomerates growth is expected to strongly depends on the shear rate.

• The Small angle X-ray scattering (SAXS) enables to characterise a small fraction of boehmite population. Like LD, the suspension is mixed in order to prevent sedimentation and to guarantee a continuous sampling. Therefore, we expect to observe shear-induced coagulation.

The advantage of SAXS is the short acquisition time, that enables to observe the first instants of coagulates growth.

• Scanning transmission electron microscopy enables enables to observe the morphology of boehmite aggregates and agglomerates . The microscope resolution enables to observe with a good precision objects larger than 10 nm. STEM images have been processed to compute size distribution and fractal dimension. Since we are interested in characterising systems with a large size distribution (often during the coagulation process), it is not possible to use a single analysis technique. But a reasoned comparison of the results of multiple techniques can be more reliable. Enabling to study the effect that pH, ionic strength and concentration have on the coagulation kinetics and on the structure of boehmite assemblies.

Chapter 5

Physical models of colloidal agglomeration

As discussed in Chapter 3 (and illustrated in Fig. 3.2), the interplay between the experimental results and the physical model describing the agglomeration process (population-balance equation) enables to parameterize a novel morphological model of aggregation/agglomeration. This model is used to build a numerical porous solid that mimics the real carrier structure. This could be used to perform sensitivity analyses of the textural properties to synthesis parameters, enabling to choose the suitable synthetic route for obtaining a desired microstructure.

In this context, the role of the Brownian dynamics model is twofold: on the one hand, it allows to fill the experimental gaps for fast kinetics (high concentration) and, on the other hand, it gives an in-depth view of the evolution of size and fractal dimension of colloids over time. Enabling to derive a relation between fractal dimension d f and gyration radius R gyr , useful for an upgrade of the population balance.

Brownian dynamics (BD) with DLVO potential

The boehmite coagulation process is simulated with Brownian dynamics coupled with the DLVO theory. The model calculates the dynamics of identical spherical particles by solving the momentum balance

m i • a i = i =j F ij + F R i + F D i , (5.1) 
where m i and a i are the mass and the acceleration of the particle i, F ij is the interaction force between i and the particles j, deriving from DLVO potential, F R i is the random Langevin force, which represents the effect of random collisions with solvent molecules causing Brownian motion, F D i is the viscous drag force acting on i. The DLVO potential U DLV O for two identical spheres is the sum of an attractive potential U vdW (van der Waals potential) and a repulsive potential U el (electric potential). These potentials can be calculated for identical spheres ( [START_REF] Hamaker | The london-vander waals attraction between spherical particles[END_REF], [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF])) as

U vdW = - A H 6 2a 2 r 2 -4a 2 + 2a 2 r 2 + ln r 2 -4a 2 r 2 (5.2) U el = 64πk B T n ion a K 2 debye γ 2 G e -K debye h (5.3) with h = r -2a γ G = tanh eψ o 4k B T K debye = k B T 2e 2 A v -0.5 √ I
where A H is the Hamaker constant, a is the sphere radius, r is the distance between the centers of the spheres, k B is the Boltzmann constant, T is the temperature, n ion is the ions concentration number, e is the electron charge, ψ o is the electric surface potential, is the solvent electric permittivity, A v is the Avogadro number and I is the ionic strength.

The interaction force between two particles i and j is given by the derivative of the potential [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF])

F ij = -∇U DLV O .
(5.4)

The DLVO potential is represented as a function of the distance r between two identical spheres in Fig. 5.1. The random Langevin force [START_REF] Langevin | Sur la th éorie du mouvement brownien[END_REF]) is described by

F R i = 2k B T k W (5.5)
where W is a random vector whose components are independent Gaussian random numbers with zero mean and unit variance.

The viscous drag force is given by the Stokes law

F D i = -6πµa v i . (5.6)
where µ is the viscosity of the medium and v i is the velocity of the particle i.

The momentum balance (Eq.(5.1)) has been used to solve Brownian motion under DLVO interaction potential of 2048 particles of radius 40 nm with a cubic control volume of length 3800 nm. The measure of 40 nm is close to the size of the initial aggregates found in the initial dispersed suspension (see chapter 6). The initial solid concentration is 1%. Concerning numerical integration, a semi-implicit finite differences is used [START_REF] Volpe | Simulation of a brownian particle in an optical trap[END_REF].

Lagrangian Brownian motion modelling

The stochastic variables wx, wy and wz (see section 2.3.1.2) are distributed according to a Gaussian function (with central value 0 and standard deviation 1). They are generated with the Box-M üller algorithm (Box & M üller, 1958)

w = -2 • ln(U 1 ) • cos(2 • π • U 2 ).
(5.7) instants and the radius of the diffusive particle system, which increases with time.

U
For a large particle number, the average trajectory can be described by a diffusive transport of particles, where the diffusion coefficient D respects Stokes-Einstein theory (section 2.3.1.1)

D th = k B • T 6 • π • µ • a (5.8)
which for the conditions of Tab.5.1 gives D th = 5.46 • 10 -12 m 2 /s (5.9) The order of magnitude of D can be estimated by measuring the radius of the particle system at two time instants (see Fig. 5.3) using

D = < x 2 > 2 • t .
(5.10)

D = (R 2 -R 1 ) 2 t 2 -t 1 ∼ (4.1 • 10 -6 m -3 • 10 6 m) 2 (400ms -80ms) = 3.8 • 10 -12 m 2 /s.
(5.11)

In order to have a more precise measure of the diffusion coefficient, the trajectories of two particles have been used for a statistic analysis (Fig. 5.4). The mean square trajectory on a time interval τ , for n points can be computed as

< x 2 (τ ) > n i=1 (x t+τ i -x t i ) 2 + (y t+τ i -y t i ) 2 + (z t+τ i -z t i ) 2 n .
(5.12) 

Initial conditions

A Random Sequential Addition algorithm has been used to generate the initial positions of identical spheres of equal radius of 40 nm in a cubic volume, respecting a given concentration. The algorithm prevents the spheres from overlapping. The control variables are:

-the size of the cubic control volume H;

-the target volume fraction V v;

-the sphere radius R s ;

-the minimal distance between two spheres h min .

The steps of the algorithm are reported below, illustrated with 2D images for simplicity (Fig. 5.6).

1. The first sphere i is placed randomly in a cubic volume whose size is H -2 • R s , this is done in order to contain all the spheres within a cube with size H.

The volume fraction achieved is

V v sys = 4/3R 3 s π/H 3 . If V v sys < V v, we proceed with step 2.
2. The coordinates of the following sphere j are randomly generated, they are retained if the distance between j and all the other i spheres already present is higher than R s + h min . If it not the case, new coordinates are generated.

The volume fraction is updated as V v sys = n • 4/3R 3 s π/H 3 where n is the number of spheres placed in the control volume.

Step 2 is repeated untill V v sys ≥ V v. The drawback of this algorithm is that for high volume fractions, the computational time increases significantly but for our application (solid volume fraction ≤ 1) this time is still reasonable.

Numerical integration scheme

In order to solve the momentum balance in Eq.(5.1) for each particle a semi-implicit finite-differences integration method has been used [START_REF] Volpe | Simulation of a brownian particle in an optical trap[END_REF]. This numerical scheme is robust also when the particles are close to each other. In such conditions the DLVO potential tends to -∞ which entails numerical instabilities. The velocity of a particle on x axis is given by the approximation

dx dt ≈ x i -x i-1 ∆t , (5.14) 
the acceleration of a particle on the x axis is given by the approximation

d 2 x dt 2 ≈ x i -2 • x i-1 + x i-2 ∆t 2 .
(5.15) Therefore, eq.( 5.1) can be written for x axis as:

m • d 2 x dt 2 + k • dx dt = f x (x, y, z) (5.16)
where k is the Stokes friction coefficient and f x (x, y, z) is the sum of Langevin force and DLVO forces projected on x axis. Eq.(5.16) can be written in a discretized form:

m • x i -2 • x i-1 + x i-2 ∆t 2 + k • x i -x i-1 ∆t = f x (x i-1 , y i-1 , z i-1 )
(5.17) where x i , x i-1 and x i-2 are the coordinate on x axis of a particle at the iteration i, i -1 and i -2 respectively. Rearranging Eq.(5.17)

x i = 2 + k•∆t m 1 + k•∆t m • x i-1 - 1 1 + k•∆t m • x i-2 + ∆t 2 m 1 + k•∆t m • f x (x i-1 , y i-1 , z i-1 ).
(5.18)

Eq.(5.18) has been extented also to coordinates y and z. A time step of ∆t = 3 • 10 -9 s has been used in order to ensure robustness and a reasonable computational time.

In addition, an algorithm has been developed in order to evaluate, for each particle, only the interaction with the closer particles within a sphere of influence, characterised by a given radius. The size of this sphere of interaction reduces the impact of the particles number on the computational time.

Characterisation of the clusters

Once the positions of all the spheres of a cluster are defined, the gyration radius R gyr and the fractal dimension d f can be calculated.

Fractal dimension is determined with the mass-size relationship [START_REF] Gmachowski | Mass-radius relation for fractal aggregates of polydisperse particles[END_REF])

d f = log ξ kf log Rgyr a , (5.19)
where ξ is the number of elementary objects that constitute the aggregate, R gyr is the aggregate radius of gyration and k f is the pre-factor for the fractal scaling relationship whose value is typically between 1 and 2 [START_REF] Sorensen | The prefactor of fractal aggregates[END_REF].

The geometrical gyration radius R gyr is defined as the mean square of the distances between the spheres' centers and the geometrical center of mass of the aggregate. A more physical definition [START_REF] Filippov | Fractal-like aggregates: Relation between morphology and physical properties[END_REF] contains also a, so that in the limit N = 1, R gyr = a:

R 2 gyr = 1 N N i=1 (x i -x g ) 2 +(y i -y g ) 2 + +(z i -z g ) 2 + a 2 .
(5.20)

x i , y i and z i are the coordinates of the spheres' centers and x g , y g and z g define the position of the center of mass composed by N identical spheres:

x g = N i x i N ;
(5.21)

y g = N i y i N ;
(5.22)

z g = N i z i N .
(5.23)

The average gyration radius and fractal dimension of an arrangement of clusters are calculated by weighting with respect to the number of particles present in each cluster. The isolated primary spheres have not been taken into account.

R av gyr = n clusters i=1 N p i • R i gyr n cluster i=1 N p i (5.24) d av f = n clusters i=1 N p i • d i f n cluster i=1 N p i (5.25) (5.26)

Boundary conditions

Brownian motion tends to bring the spheres far from each other, lowering the concentration when few particles are present. Collisions decrease with time, reducing coagulation kinetics. This does not occur for rigid spheres because a colloidal suspension behaves like an infinite medium. In order to simulate an infinite medium via Discrete Element Modeling, periodic boundary conditions are implemented [START_REF] Yang | Periodic boundary conditions for discrete element method simulation of particle flow in cylindrical vessels[END_REF]. When a spherical particle exists from the control volume, it is re-injected at the opposite side, keeping the same velocity and acceleration vectors. These boundary conditions maintains constant the initial number of spherical particles. However, when a cluster touches the boundary it may loose some particles. Meaning that the periodic boundary conditions can cause the erosion of clusters. This problem can be solved by chosing a sufficiently large control volume. 

Modeling short distance interactions

When two spherical particles are close, DLVO potential tends to -∞ because of Van der Waals force (see Fig. 5.1). When Eq.(5.1) is solved for two particles at short interparticle distance, the two spheres tend to overlap. This phenomenon does not occur in nature, indeed the particles find an equilibrium interparticle distance. When two colloidal particles approach to each other, the interaction of the electronic clouds creates a high repulsion electrostatic force, which is opposed to the Van der Waals force. The DLVO potential does not take this phenomenon into account. Therefore, it is important to describe the interaction of two particles at short distance in order to model the agregation phenomenon. This can be achieved adding a contact force, which opposes to Van der Waals force [START_REF] Evan | A methodology for coupled cfd-dem modelling of particulate suspension rheology[END_REF]. Such force is described with Hertz contact force. The contact force is modelled as a spring, considering an overlap of the spheres that reflects the deformation at the moment of impact. The deformation δ represents the spheres overlapping (see Fig. 5.8) A simplified linear expression of the contact force [START_REF] Cundall | A discrete numerical model for granular assemblies[END_REF] has been used

F c = k c • δ (5.27) with δ = 2 • a -r when r < 2 • a. k c has been fixed at 0.1 N/m.

The population balance equation (PBE)

Modeling Brownian conditions

To model the aggregation/agglomeration in Brownian conditions, the population balance equation is simplified as all the terms related to shear are equal to zero:

dN k dt = 1 2 k-1 i=1 β agg i,k-i N i N k-i -N k ∞ i=1 β agg ik N i (5.28)
The definition of Schmolukowski is used for the aggregation kernels:

β agg i,j = 2k B T 3ηW ξ 1 d f i + ξ 1 d f j ξ -1 d f i + ξ -1 d f j (5.29)
where ξ i and ξ j is the mass number of primary particles within the cluster i and j respectively. In Brownian conditions the two fit parameters are the stability coefficient W and the fractal dimension d f .

Modeling shear-induced aggregation and breakage

In order to model colloidal systems under mixing the shear effect must be accounted by means of the complete form of the population-balance equation (see section 2.3.3)

dN k dt = 1 2 k-1 i=1 β agg i,k-i N i N k-i -N k ∞ i=1 β agg ik N i -β break k N k + ∞ i=k+1 Γ k,i β break i N i (5.30)
with

β agg i,j = 2k B T 3ηW ξ 1 d f i + ξ 1 d f j ξ -1 d f i + ξ -1 d f j + a i,j 4 3 γRp 3 ξ 1/d f i + ξ 1/d f j 3 , (5.31) a i,j = a max • exp -x 1 - R gyr,i R gyr,j 2 R gyr,i •R gyr,j R 2 gyr,i y (5.32)
where x and y and a max are fixed respectively at 0.27, 0.29 and 1 [START_REF] Selomulya | Understanding the role of restructuring in flocculation: The application of a population balance model[END_REF]. The breakage kernel has been modelled using a power-law model [START_REF] Harshe | Breakage rate of colloidal aggregates in shear flow through stokesian dynamics[END_REF]:

β break i = c 1 (η γ) n R m gyr,i
(5.33)

where m and n are respectively 4.81 and 3.75 [START_REF] Lattuada | Population-balance description of shear-induced clustering, gelation and suspension viscosity in sheared dlvo colloids[END_REF]. c 1 is fit considering experimental data.

Modeling the fragment mass-distribution

The fragments falling in the class i after breakage of the aggregates of class k is computed using Shulz-Zimm distributions [START_REF] Harshe | Breakage rate of colloidal aggregates in shear flow through stokesian dynamics[END_REF])

Γ k,i = i-1 k=1 (z + 1) 2 Nfrs • N z f rs • exp -(z+1) Nfrs • N f rs γ(z + 1) • dN f (5.34) N f rs = N k N i ; Nfrs = i-1 k=1 N k /N i i -1 ; dN f rs = N k -N k-1 N i
where z determines the width of the fragment mass-distribution.

Classes definition

In order to solve the Eq.(5.30), it is necessary to define the classes of clusters. A sequence has been used

ξ i = ξ i-1 + x i (5.35)
where x is a parameter determined to cover all the aggregate masses with a limited number of

classes n c x nc+1 -x 2 x -1 = ξ i,max -n c (5.36)
where ξ i,max = 10 7 primary particles. Eq.(5.36) is solved by a bisection method.

Once ξ i and d f,i are assigned to each class, it is possible to compute the gyration radius of the class i

R gyr,i = a • ξ i k f 1/d f,i
(5.37)

Population-balance equation has been solved using an algorithm based on a fixed pivot technique [START_REF] Kumar | On the solution of population balance equations by discretization -i: Fixed pivot technique[END_REF].

Chapter 6

The experimental protocol

This chapter presents the choices regarding the experimental protocol for measuring the evolution of average size in colloidal boehmite suspensions. The protocol must provide repeatable data in order to adjust the Brownian aggregation kernel of the population balance and to study the behaviour of colloidal boehmite as a result of pH, ionic strength and concentration. Section 6.1 describes the type of boehmite powder used. The section 6.2 concerns the preparation of a stable suspension to be considered as an initial reference system. The results in terms of titration and Zeta potential vs pH curves from the initial suspension are reported in section 6.3. The procedure for in-situ analysis and the qualitative description of the results in terms of repeatability are the subject of section 6.4. The list of samples is reported in section 6.5.

Characteristics of boehmite powders

The charcaterisation of coagulation kinetic requires a boehmite powder well dispersed. This means that the entire quantity of the solid remains in the suspension and does not sediment. This enables to control the solid volume fraction in the suspension basing on the mass of boehmite powder. Pural SB3 has been selected bue to its high disersibility. Such a boehmite powder is synthetised by hydrolysis of aluminum alcoholate by Sasol GmbH. The morphology consists of elementary crystallites of about 3-4 nm (gyration radius), bound together to form a fine, homogeneous and dense matrix [START_REF] Fauchadour | Etude de la peptisation de la boehmite[END_REF] (see Fig. 6.1). The platelets dimensions L 1 , L 2 and e are calculated from XRD diffractogram. For the gyration radius we consider a rectangular beam (Fig. 6. 

The initial suspension t 0

In order to measure the coagulation kinetics two conditions has to be satisfied.

1 The initial suspension t 0 must be well dispersed and stable.

2

The coagulation kinetics has to be slow enough to be observable within the acquisition time ranges (1 -20 s).

The condition 1 is satisfied by preparing the initial suspension t 0 mixing the boehmite powder with deionized water and nitric acid (HN O 3 ) in order to reach a pH of 3 ±0.1 and leaving under gentle stirring to prevent the powder from settling during 16 to 32 hours. The condition 2 is satisfied by keeping the concentration of boehmite powder within a low range.

The acid concentration has been chosen in order to disperse the powder, without inducing colloidal gelification or the dissolution of alumina. Tab.6.2 summarizes the ranges of concentration of boehmite and acid used for the preparation of t 0 before DLS and SAXS analyses. Large particles (with diameter larger than 1 µm) may be present due to the non-complete peptization of large powder grains. Their number is however negligible. An example of large non-peptized gran is illustrated on the left in Fig. 6.5. Fig. 6.5 on the right shows an example of a partially gelified dispersed suspension. This happens when the acid concentration is too high, leading to a high ionic strength which makes the suspension unstable (with a tendency to coagulate). The The intensity of the scattered light is proportional to the sixth power of the diameter. This means that a particle of 100 nm scatters light with an intensity that is 10 6 times higher with respect to a particle of 10 nm. For this reason the few large particles that are present in the suspension produce a high peak towards large diameters in the intensity DLS distribution. The effect of such particles is less important when passing from intensity to volume and number weighted distributions. The DLS number distribution covers a diameter range within 10 and 100 nm, while the LD range is between 20 and 120 nm. These results are comparable with the range of number STEM distribution which is about 5-100 nm. Therefore the initial suspension t 0 is almost entirely made of aggregates. The Tab.6.3 summarizes the average diameters weighted with respect to intensity, volume and number obtained via the different analyses. For DLS the average diameter weighted in intensity is obtained with the cumulant method (see section 4.2.1.1). The average volume diameter of LD is calculated neglecting the small peak of un-peptized grains. The aggregates and the agglomerates, whose maximum length is within 5-50 nm and 50-300 nm respectively. The characterisation of t 0 reveals the presence of aggregates whose mean gyration radius, weighted with respect to volume, is in the range 15 -20 nm, which corresponds to an endto-end length ξ l of around 40 nm. The fractal dimension of the aggregates is around 2.35. The weakness of the signal of agglomerates indicates that aggregates prevail in the suspension t 0 . Fig. 6.7 reports the experimental scattered intensity and the simulated one (with Beaucage model, see section 4.2.2.4). In particular, the three contributions of the simulated scattered intensity by agglomerates, aggregates and crystallites are illustrated. The intensity does not rise for low q values which could happen if agglomerates were present. 

Titration and Zeta potential-pH curves

Before proceeding with the in-situ analysis of the coagulation of the aggregates, titration and electrophoretic mobility measurement are necessary in order to determine the titration curves (ammonia, N H 3 concentration vs pH) and pH vs Zeta potential curves. Fig. 6.9 reports the experimental results. We can observe no significant variation for a concentration ranging between 0.04 and 1 g/L. In the case of ionic strength at 0.01 M there is a slight difference in Zeta potential on the plateau at pH ≤ 8. However, this does not change the behaviour of the suspension, which remains stable for Zeta ≥ 20 mV. The PZC remains the same even at 0.1 M, which means that the addition of NaCl does not change the nature of the colloidal particles. Considering the titration curve, the range of pH 5-8 is highly sensible to the ammonia concentration. This is expected since we are dosing amphoterinc species with pK a at about 4 and 10 [START_REF] Jolivet | Metal oxide chemistry and synthesis: from solution to solid state[END_REF]. After the base addition the pH initially increases, then it decreases. The pH is much more stable below 5 and above 8. Concerning the Zeta potential vs pH curve (on the right), we observe a high sensitivity to pH within the interval 8-10. Within this region, the Zeta potential takes relatively small values that typically enhance coagulation. For pH < 8 and pH > 10 the Zeta potential reaches high values that usually stabilize a colloidal suspension [START_REF] Lowry | Guidance to improve the scientific value of z êta-potential measurements in nanoehs[END_REF]. The PZC is around 9.5 which is in agreement with the typical PZC values for alumina particles in suspension [START_REF] Kosmulski | ph-dependent surface charging and points of zero charge. iv. update and new approach[END_REF].

In-situ analysis

In order to measure the coagulation kinetics, once the initial suspension t 0 is characterised, the following operations are realised:

1. A solution of ammonia and/or NaCl is injected in the suspension t 0 , the concentration of such solution depends on the targeted pH, Zeta potential and ionic strength. In all cases, the ammonia-NaCl solution volume is kept constant and equal to 1/5 of the volume of the initial suspension t 0 . This ratio has been chosen to avoid highly concentrated ammonia and salt solutions, which could induce high concentration gradients within the measurement cell (especially in the case of DLS where the system is not mixed). At the same time, the concentration of the suspension should not change significantly;

2. The injection time is registered;

3. The measurement acquisition is started. Most of the experiments carried out lasted between 20 minutes and 1 hour.

Repeatability and data processing Dynamic Light Scattering

During the coagulation process, the size distribution of particles become more and more polydisperse and the correlation curve from DLS contains noise. The fit of this curve according to Mie theory would amplify the error leading to misleading size distributions (Intensity, Volume, Number). Therefore, the fit of the correlogram with the Cumulant is more robust. The in situ DLS enables to measure the average intensity diameter Z-ave (see section 4.2.1.1) at several times. By considering the population as normally distributed around the average diameter, it is possible to estimate the corresponding standard deviation called P dIW idth defined as P dIW idth = P dI 0.5 • x. (6.2)

Correlograms, average diameter and P dIW idth evolutions are reported for experiment at 0.04 g/L at PZC in Fig. 6.10. Boehmite suspensions are highly polydisperse and the width of the size distribution increases along the coagulation process.

In order to evaluate the repeatability of the experiments, the same experiment has been performed several times. The results for all the repetitions for a single set of parameters are presented in Fig. 6.11. The points of the same color refer to the same experiment. We note that in the first minute after ammonia injection, the error is relatively low, but the dispersion increases afterwards. This is due to the chaotic character of the coagulation process, and also to the high noise-signal ratio when performing the measure of polydisperse low-concentrated suspensions. Other reasons can be a non homogeneous ammonia concentration inside the measurement cell that leads to different local pH. In fact, the cell is not agitated after the ammonia injection in order to keep the system in Brownian conditions. However, whenever a significant evolution in size is observed, there are two kinetic mechanisms: an extremely rapid one (within the first seconds after injection) that leads to a major evolution of the average diameter, followed by a slower one. 

Small Angle X-Ray Scattering

SAXS curves for an experiment at 5 g/L of Pural SB3 are reported in Fig. 6.12. The initial suspension t 0 has an acid concentration of 0.003 M. The colours of the curves varies from blue for the initial sample to red for the suspension about 30 min after ammonia injection. Right after the ammonia injection the agglomerates evolves rapidly both in terms of size (R aggl gyr ) and in terms of fractal dimension (d aggl f ), after roughly one minute the kinetics slows down. Besides, the aggregates remains unchanged, their evolution is represented in Fig. 6.14. To assess the repeatability of SAXS experiments, we compare the results of two runs performed on an initial suspension of Pural SB3 at 0.2 g/L.

The initial HNO 3 concentration is 0.0015 M and the final pH is the PZC. Fig. 6.15 presents the SAXS curves of the entire in-situ (during 30 min with an acquisition time of 3 s), the color of the curves goes from blue for t 0 to red for the end of the experiment. The two systems evolve in the same way, leading to approximately the same scattered intensity values. There are some instabilities at low q (for the first experiment) possibly due to the low concentration necessary to observe a slow kinetics. The experimental curves are fit with Beaucage model (see section 4.2.2.4) in the range 1.7 • 10 -3 ≤ q ≤ 0.1 Å-1 . In Fig. 6.16 the Beaucage results relating to agglomerates (gyration radius R aggl gyr , fractal dimension d aggl f

) are presented. The results are comparable for the two experiments, except for a 0.1 difference in the fractal dimension appearing 10 min after the ammonia injection, and a difference of around 5 for the degree of agglomeration G 1 /G 2 . Concerning the aggregates, the evolution of the gyration radius R aggr gyr is presented in Fig. 6.17, showing a difference of about 2 nm between the two experiments.

Considering the difficulties to characterise suspensions for such a low concentration and the chaotic aspect of coagulation phenomenon, the repeatability on the in-situ is suitable for our study. 

Laser Diffraction

The results of an experiment at PZC and at 1 g/L obtained with LD are presented. This analysis technique requires a mixing speed of 1100 rpm to ensure correct sampling. The evolution of the mean diameter is shown in Fig. 6.18(a) and the evolution of the size distribution over time can be observed in Fig. 6.18(b) This analysis allows the entire size range of the boehmite suspensions to be characterised, however, the operating conditions require a relatively high concentration compared to DLS and agitation, these factors cause a very high growth rate, which prevents the observation of size evolution. Although the acquisition time is relatively low (10 s), only the plateau is visible in Fig. 6.18(a). Although the study of shear-induced aggregation/agglomeration is beyond the scope of this work, the results of the LD will be discussed in the section 7.4.4.2 regarding a perspective on the fit of the shear parameters of the population balance. 

Samples

In this section we report the operating conditions of the experiments whose results are discussed in the next chapter. Tab.6.4 shows the operating conditions of the samples analysed via DLS.

The concentrations are reported in mass of Al 2 O 3 (m Al 2 O 3 ) that is the boehmite powder mass, and AlOOH volume concentration within the suspension (V v,AlOOH ). Details on the conversion of these parameters are in Appendix E. The final pH is achieved with the injection of ammonia. The ionic strength is increased by addition of NaCl. In Tab.6.5 the operating conditions for the different experiments performed with SAXS analysis are shown. In this case, agitation at 200 rpm is required to prevent sedimentation and ensure homogeneous sampling towards the measurement cell. Only for the experiment at 5 g/L, the mixing speed has been increased to 400 rpm. 

Comparison between physical models and experimental results

As mentioned in chapter 6, in the initial suspension t 0 contains essentially aggregates, objects whose size is less than 50 nm. Section 7.1 validates the choice of considering these objects as primary particles of the agglomeration process. Since measurements of fractal dimensions are reported in this chapter, section 7.2 details the strategy for calculating the fractal dimension of aggregates and agglomerates via STEM image processing.

The following sections deal with the characterisation of coagulation kinetics. The strategy of this work is to use the results of the Lagrangian model based on Brownian dynamics and DLVO theory (section 7.3), and experimental data (7.4) to feed the population balance model.

Distinction between aggregates and agglomerates

If we look at the Fig. 6.17 and at Fig. 6.14, we can observe that the aggregates almost remain unchanged after ammonia injection, both in terms of size and of fractal dimension. The same result has been found for all the operating conditions explored with SAXS analysis. This means that the variation in the composition of the colloidal suspension (by varying HNO 3 and NaCl content) only affects the boehmite colloidal assemblies whose average diameter is larger than 50 nm.

In literature, the terms aggregate and agglomerate are often used interchangeably. And when it is necessary to distinguish between them, authors refer to the type of cohesive force that can be either strong or weak [START_REF] Nichols | A review of the terms agglomerate and aggregate with a recommendation for nomenclature used in powder and particle characterization[END_REF]. For this study it is useful to call aggregates the colloidal structures found in the initial suspension t 0 , and to call agglomerates all the colloidal assemblies of the aggregates. It has been observed experimentally that the agglomerates formed by approaching the pH at PZC can be dispersed again into the same t 0 aggregates if the pH is brought close to the initial one (pH ∼ 3). Three colloidal suspensions have been prepared with 0.02 g/L of Pural SB3 and have been characterised with STEM:

A Initial suspension t 0 with pH close to 3; B Ammonia added to the suspension A in order to reach a pH close to PZC;

A' Acid added to the suspension B in order to decrease the pH to 3, the same of suspension A.

STEM images of the three suspensions are presented in Fig. 7.1. The Zeta potentials of these suspensions are illustrated in Fig. 7.2(a), while the size distributions computed via STEM image processing are in Fig. 7.2(b). We can see that an increase in pH towards PZC increases considerably the size of colloidal boehmite. According to DLVO theory these conditions decrease the electrostatic repulsion forces, enhancing coagulation. When the pH is brought back to 3, the size of the colloids decreases. The size distribution of the objects in A and in A' are nearly the same and relatively thin, with an average diameter around 20 nm.

The image processing also reveals that the fractal dimension of A and A' are almost the same and equal to 2.79 and 2.76 respectively (detail on the computation are presented in the section 7.2). This means that the agglomerates can be peptized, and the aggregates cannot be modified by the sole acid injection (within a concentration range that does not imply boehmite dissolution or ionic strength-induced coagulation, see section 6.2).

In addition, as illustrated previously in Fig. 6.14, the aggregates remain unchanged throughout the entire agglomeration process.

In conclusion, the agglomeration of colloids in the t 0 suspension can be seen as the coagulation of primary particles (the aggregates). These particles remain unchanged both in terms of size and structure. The reversibility of the agglomeration phenomenon shown in Fig. 7.1 and 7.2 is consistent with the DLVO theory. Therefore the agglomeration can be modelled considering the coagulation of identical primary particles. Using spheres ar primary objects is a fair approximation due to the high compactness of the aggregates structure. The simulation of aggregates coagulation is achieved via a Lagrangian Brownian dynamics model, including DLVO interaction potential, and a model based on the population balance equation.

The Lagrangian model gives access to the fast agglomeration kinetics that cannot be experimentally observable. On the other hand, the kernels of the population-balance model are adjusted via a fitting of the experimental results.

Estimation of the mass fractal dimension from STEM

In this chapter, the results of fractal dimension are often computed via STEM images processing. This section is aimed at presenting the strategy to compute the mass fractal dimension d f by means of two-dimensional images. This procedure is the object of a paper submitted to Journal of Microscopy.

Image-analysis is frequently used to characterise colloidal particles of silica [START_REF] Ibaseta | Fractal dimension of fumed silica: Comparison of light scattering and electron microscope methods[END_REF], alumina [START_REF] Chiche | Accurate determination of oxide nanoparticle size and shape based on X-ray powder pattern simulation: Application to boehmite AlOOH[END_REF], soot [START_REF] Moreaud | Quantitative characterization of soot nanostructure from hrtem images[END_REF] or carbon. These particles can exist as a powder or within liquid suspensions, and they find applications in different domains like electronics, pharmaceutics and catalysis [START_REF] Brune | Nanotechnology: Assessment and Perspectives[END_REF]. Such applications depend on particles size and structure. For this reason the control of aggregation and agglomeration is of high importance. The mass fractal dimension d f is often used to characterise the structure of aggregates and agglomerates. Assuming that an aggregate/agglomerate consists of ξ identical spheres of radius a, the fractal dimension enables to link ξ to the gyration radius R gyr via the relationhsip

ξ = k f R gyr a d f (7.1)
where k f is the fractal pre-factor whose value varies typically between 1 and 1.2, depending on the fractal dimension itself [START_REF] Sorensen | The prefactor of fractal aggregates[END_REF]. The mass fractal dimension is close to unity for linear clusters, near to 2 for planar clusters and around 3 for isotropic 3D clusters. d f can be measured by experimental scattering techniques such as Small Angle X-Ray [START_REF] Anitas | Small-angle scattering from fractals: Differentiating between various types of structures[END_REF] or Neutron Scattering [START_REF] Teixeira | Small-angle scattering by fractal systems[END_REF]. A change in d f of a colloidal aggregate/agglomerate modifies its density, involving different dispersibility and settling behaviour [START_REF] Ibaseta | Ultrafine aerosol emission from the free fall of TiO 2 and SiO 2 nanopowders[END_REF]. This changes the work-ability of a colloidal suspension, as well as the textural properties of the solid obtained after a precipitation or drying process. In the context of γ-alumina catalyst carriers synthesis, the porosity of the final solid depends on the size and shape of the aggregates (meso-porosity 10 nm) and agglomerates (macro-porosity 100 nm) resulting from inter-particle interactions during several stages of preparation. By varying the chemical parameters of the colloidal suspension, it is possible to change the aggregation and agglomeration processes [START_REF] Anovitz | Effects of ionic strength, salt, and ph on aggregation of boehmite nanocrystals: Tumbler small-angle neutron and x-ray scattering and imaging analysis[END_REF], leading to different size distribution and fractal dimension. Our interest is to use microscopy image analysis to study this behaviour, in order to determine the physical-chemical parameters that lead to specific structure change within boehmite suspensions. A measurement of fractal dimension can be realised from microscopy images using the relationship between area and perimeter [START_REF] Mandelbrot | Fractal character of fracture surfaces of metals[END_REF]. This method is widely used in literature [START_REF] Yang | Hydrophobic agglomeration of apatite fines induced by sodium oleate in aqueous solutions[END_REF][START_REF] Xiu | Using fractal dimension and shape factors to characterize the microcrystalline cellulose (mcc) particle morphology and powder flowability[END_REF] and enables to obtain directly a two-dimensional fractal dimension d 2D f from the slope of the graph log(P 2 ) vs log(A), where P and A are respectively perimeter and area of the projections. The slope tends to 1 for circular objects and to 2 for linear objects.

Since the fractal dimension of the projection d 2D

f is different from the mass fractal dimension d f , there is the need of a relationship between these two parameters [START_REF] Nelson | On obtaining the fractal dimension of a 3D cluster from its projection on a plane-application to smoke agglomerates[END_REF][START_REF] Faeth | Fractal and projected structure properties of soot aggregates[END_REF][START_REF] Oh | The effect of overlap between monomers on the determination of fractal cluster morphology[END_REF][START_REF] Brasil | A recipe for image characterization of fractallike aggregates[END_REF][START_REF] Ehrl | Generation and geometrical analysis of dense clusters with variable fractal dimension[END_REF]. Our aim is to find numerically such a relationship, using our morphological aggregation model (see chapter 8). The model is used to build clusters with a statistical average fractal dimension, as well as their opaque projections.

Determination of 3D-fractal dimension from 2D-microscopy images

We consider usual standard Scanning Transmission Electron Microscopy (STEM) images of agglomerates of a boemite suspension (on the left in Fig. 7.3) and we explain our step-by-step procedure to extract d f from such images. 

Image processing and determination of d 2D f

To compute the perimeter and the area from STEM images, several operations are applied. The image noise is reduced [START_REF] Kuwahara | Processing of RI-Angiocardiographic Images[END_REF][START_REF] Schulze | A morphology-based filter structure for edge-enhancing smoothing[END_REF] by preserving the sharp edges of objects. Morphological TopHat operator [START_REF] Serra | Introduction to morphological filters[END_REF] on black pixels is applied consisting on morphological opening operator γ and a threshold operator tr s such that tr s (I(x)) = 1|I(x) > s 0|I(x) ≤ s .

that can be expressed for an image I as tr s (I -γ B (I)) where s is obtained by inter-class variance maximization on the histogram of I [START_REF] Otsu | A threshold selection method from gray-level histograms[END_REF], and B is a structuring element which in our case is a disc of radius 30 pixels. Next, two morphological operations of opening γ and closing ϕ are applied to reduce the remaining noise, defined for the image I and the structuring element C as γ C (I) = δ C (ε C (I)) and as ϕ C (I) = ε C (δ C (I)) where δ and ε are respectively morphological dilation and erosion [START_REF] Serra | Introduction to morphological filters[END_REF], C is a disc of diameter 6 pixels. A final step of image cleaning consists in a hole filling and in the removal of the objects touching the edges of the image [START_REF] Serra | Introduction to morphological filters[END_REF]. The holes are not always related to the existence of a real hole but rather to variations in thickness.

While objects touching the borders would provide a misleading perimeter and area. Fig. 7.3 reports an example of an experimental image and of the final binary image.

Considering the binary images it is possible to calculate the perimeter P and area A of each object. The d 2D f is estimated from the angular coefficient of the line interpolating the experimental points on the plot log(P 2 ) vs log(A) [START_REF] Mandelbrot | Fractal character of fracture surfaces of metals[END_REF] like the one illustrated in Fig. 7.4. To estimate the d f corresponding to a given d 2D f it is necessary to pass through a 3D morphological model.

Morphological aggregation model

Our morphological aggregation model (see chapter 8) builds clusters consisting of a ξ number of non-overlapping elementary objects arranged according to a given statistical average fractal dimension d f . Clusters are built by sequential addition, assigning a different sticking probability to the points on the cluster. In particular, "concave points", leading to compact clusters, are distinguished from "non-concave" points, leading to loose structures. In addition the concave points closest to the centre of mass of the cluster are distinguished as well, in these points the maximum compactness is reached. The model enables to obtain clusters with a fractal dimension d f between 1.3 and 3. A fast scheme is available in case of spheres and is used to compute the relationship between d f and d 2D f .

Construction of d f vs d 2D f chart

In order to compute d 2D f of a cluster built by the model, it is necessary to generate the projections of numerous clusters for a given d f in the largest range for ξ (the number of elementary spheres). The mass fractal dimension d f of each cluster is determined with Eq.( 7.1). In the present study a fractal pre-factor k f of 1.2 is used, in order to establish reference values for d f . The model inlet parameters have been chosen in order to obtain a target statistical average d f . Only the clusters with d f -d f ≤ 0.01 have been used to compute the projection. For each cluster, one orthogonal projection is computed, since a large number of simulations is performed it is possible to assume that area and perimeter computed on the projection are anisotropic. Fig. 7.5 represents three-dimensional clusters with their projection for different number of elementary spheres ξ. A hole filling operation is performed to obtain projection comparable to experimental images. The computation of area and perimeter enables the construction of the log(P 2 ) vs log(A) plot, whose slope is d 2D f .

Relationship between d 2D f and d f

The aggregation morphological model is used to compute the d f vs d 2D f chart (on the left in Fig. 7.6). The higher is d f , the lower is the d 2D f of its projection, similar results have been obtained by [START_REF] Ehrl | Generation and geometrical analysis of dense clusters with variable fractal dimension[END_REF], with a linear relationship between the two parameters. In our case a polynomial of third degree represents more accurately the results:

d f = 6.03 • (d 2D f ) 3 -25.63 • (d 2D f ) 2 + 34.13 • d 2D f -11.55. (7.
2)

The coefficients of the polynomial minimize least-squares fit.

Validity region

To compare experimental and model projections, the perimeter-area plots are represented as log(P 2 ) vs. log(A)/ log(A 0 ), where A 0 is the area of projection of the elementary object forming the cluster. Aggregation simulations have been performed with a sphere of radius 10 pixels, corresponding to an opaque projection of area A 0 of 380 pixels. This is important so that the relationship shown in the chart of Fig. 7.6 does not depend on the size scale and unit of measurement. The Eq.( 7.2) is valid within limits, in terms of projected log(A)/ log(A 0 ), for a given d f . The lower and the upper limit (respectively l A,min and l A,max ) are reported as limit reachable by the aggregation model. The upper limit is also due to the maximum simulation volume, which in our case is of 10 9 voxels for time computing constraints.

The lower and the upper limits can be described as a function of d f fitting respectively the lowest and the highest log(A)/ log(A 0 ) of the opaque projections of the simulated clusters.

l A,min = 0.26 • (d f ) 4 -1.99 • (d f ) 3 + 5.57 • (d f ) 2 -6.64 • d f + 3.90 l A,max = -2.78 • (d f ) 4 + 26.43 • (d f ) 3 -93.46 • (d f ) 2 + 146.41 • d f -84.63. (7.
3)

The validity region and its limits are represented in Fig. 7.6 to the left. A 0 does not influence the results for d 2D f , but only the validity interval of the relationship in Eq.( 7.2) on the log(P 2 ) vs. log(A)/ log(A 0 ) plot.

Experimental application to boehmite suspensions

In this section, we use the relationship between d f and d 2D f to compute the mass fractal dimension from STEM images of different boehmite suspensions.

Boehmite suspensions preparation

Boehmite suspension are prepared with a highly dispersible powder from Sasol GmbH whose crystallites have the geometry of a rectangular beam with dimensions 5.2, 8.1 and 2.4 nm. These values are obtained from the X-Ray diffractogram using generalized Debye equation [START_REF] Chiche | Accurate determination of oxide nanoparticle size and shape based on X-ray powder pattern simulation: Application to boehmite AlOOH[END_REF]. The colloidal suspensions are prepared with different concentration of 1M Fisher Scientific nitric acid (J/5550/PB15) and 1M Chem-Lab ammonia (CL05.0101.1000). The powder concentration is kept at 0.02 g/L in order to minimize overlapping in STEM images. The composition of the samples is shown in Tab.7.1. The table also reports the measured pH (Mettler-Toledo Seven2Go pH meter). A2 and B0 are the same suspension, which represents the initial conditions before ammonia addition (samples B1-3).

STEM images acquisition

A droplet of 10 µL of the suspension is deposited on copper grids with carbon membranes without holes and dried under IR lamp. After 2 min, the excess water is drawn off with a tissue paper. The samples are characterised with STEM (FEI Nova NanoSEM microscope operating at 15keV). The different chemical parameters of the suspensions (acid and base concentration) of the samples causes the formation of structures ranging within a wide size range (10 nm -10 µm). For this reason, the magnification level for a given sample is chosen in order to visualize the largest objects in their entirety. In particular we use a magnification of X 50000 for the samples A0, A1, A2 and A3, and a magnification of X 1500 is used for B1, B2 and B3.

Monitoring of boehmite dispersion upon acid addition

The aggregates (observed in the samples A0, A1, A2 and A3) have an average diameter D between 20 and 40 nm (Tab.7.1). For these objects A 0 is the one of an elementary crystallite. The average surface of the opaque projection of the crystallite is 38.25 nm 2 , obtained by averaging on 1000 projections considering random 3D orientations [START_REF] Moreaud | Tem image analysis and modelling: Application to boehmite nanoparticles[END_REF] with a precision of 0.1 nm/voxels. We report the STEM images of the aggregates at different acid concentrations and their corresponding log(P 2 ) vs log(A)/ log(A 0 ) plots in Fig. 7.7. The grey regions in these graphs refer to the validity limits of the d fd 2D f relashionship (Fig. 7.6). The results of d 2D f and d f (computed with Eq.( 7.2)) are reported in Tab.7.1. The dispersion in acid leads to an increase in d 2D f , indicating the formation of loose structures. This is in agreement with d f , and quite visible from the STEM images. The objects present in A3 are more elongated than the ones in A0-1. We observe a change of around 0.3 units of d f . The difference between A3 and A2 is less noticeable, but the image processing enables to identify it. In conclusion, the acid content decreases fractal dimension of the boehmite agglomerates as it has been observed in other research works [START_REF] Speyer | Peptization of boehmites with different peptization index: An electron microscopy and synchrotron small-angle x-ray scattering study[END_REF].

Monitoring of boehmite dispersion upon base addition

The relationship between d f and d 2D f is used to characterise objects of a larger scale, the agglomerates (in samples B1-3), obtained via ammonia addition to the suspension A2-B0. The average diameter D is of several hundreds of nanometers (Tab.7.1). In this case, the elementary particle is the aggregate, and A 0 has been taken as the average area of the dispersed sample A2-B0, which is 453 nm 2 . The images representing the boehmite agglomerates are presented in the section 7.4.1, where the ammonia concentration is related to the pH of the suspension. 

Summary

This section provides a strategy to compute mass fractal dimension from two-dimensional microscopy images. A relationship between d 2D f and d f is numerically found using a morphological aggregation model (see chapter 8). The mass fractal dimensions obtained are in fair agreement with a visual estimate, enabling to use STEM images to determine the impact of different operating conditions on the structure of aggregates and agglomerates of a colloidal suspension. This allows a better insight of the physical-chemical aspects that produce such structures.

Fast coagulation: Brownian dynamics and population balance

In certain operating conditions (for high concentration) the characteristic coagulation time can be significantly lower than the experimental acquisition time. In such a case the Lagrangian model (presented in section 5.1) enables to fill the experimental gaps and to give an in-depth view of agglomerates formation. Enabling to study the evolution of gyration radius R gyr and fractal dimension d f . As discussed in section 7.1, the approximation if initial equivalent primary particles can be used for our boehmite colloidal suspensions. This section presents the result of a simulation of 2048 particles with radius a = 40 nm, a solid volume fraction of 1 % (corresponding to 50 g/L of boehmite powder) and a surface potential of 1 mV. Therefore the conditions at PZC are simulated. The whole set of inlet parameters are reported in the Tab.7.2. This simulation enables to study agglomeration kinetics on a short time scale (< 0.1s), giving access to the gyration radius and to the fractal dimension of each agglomerate.

Agglomeration mechanisms

Fig .7.8(a) shows the evolution of the average diameter of the clusters formed during the agglomeration process. We can distinguish two regimes: a regime of rapid growth in the first time instants, followed by a regime of slow growth. The evolution of fractal dimension is reported in Fig. 7.8(b) d f increases linearly with time in the first instants and stabilizes afterwards. If we look at the phasediagram d f = f (d p ) in Fig. 7.8(c), we can distinguish two zones corresponding to the two kinetic regimes observed in Fig. 7.8(c). It seems that in the first instants, particles tend to form agglomerates with a low fractal dimension (around 1.5), before undergoing a rearrangement that increases their fractal dimension. This is illustrated in Fig. 7.8(b), showing the evolution of the agglomerates arrangement with time. The first agglomerates are formed rapidly and are roughly linear (see at time 12-44 ms in Fig. 7.9), on the other hand the larger agglomerates are more compact (see time 108-280 ms Fig. 7.9). 

Fractal dimension -size relationship

The population-balance equation is usually solved assuming that all the classes i containing clusters of mass ξ i are associated to the same fractal dimension d f . In this work it is assumed that the fractal dimension and the gyration radius respect a reationship of the type presented in Fig. 7.8(c).

The following function has been used

d f = d f,1 + (d f,2 -d f,1 ) • atg a a • Rgyr-Rcut Rcut + π 2 π (7.4)
due to the necessity of representing two plateaus. In Fig. 7.10 all the terms of the Eq.( 7.4) are illustrated.

• a a enables to vary the slope of the d f rise

• R cut corresponding to the abscissa of the inflection point, is the cutoff gyration radius. 

• d f

Comparison with population balance

The Lagrangian approach and the population balance cannot be experimentally validated for rapid agglomeration kinetics (in suspension with high concentration). But a validation is possible between these two modeling approaches for the case of Brownian colloidal particles. Indeed, in this case, both models rely on theoretical parameters. On one hand, the Browninan DLVO dynamics is a theoretical model by definition, on the other hand the population-balance coincides with the Smoluchowski equation (see section 2.3.3). The Lagrangian simulation reveals the two agglomeration regimes and it gives an estimate for the mass fractal dimension of small and large agglomerates. In addition, the phase diagram of Fig. 7.8(c) enables to define a relationship between the fractal dimension and the gyration radius. By fitting these data with Eq.( 7.4) we obtain the parameters in Tab.7.10. The two models are in fair agreement for W = 1.7. This value is close to 1 when the pH of the suspension is close to the Point of Zero Charge (PZC), and it is highly sensitive to small varitions of pH. It increases rapidly as it is shown in Fig. 7.12. The population balance confirms the presence of two kinetic regimes and it respects the time scale of the coagulation simulated via Brownian dynamics.

The error between 0 and 0.05 s can be explained by the fact that the Lagrangian simulation accounts only for 2048 particles. Consequently the Brownian dynamics is less statistically representative of a real colloidal system. Therefore a Fuchs coefficient equal to 1.7 is still in the order of magnitude estimated for these conditions. It is experimentally challenging to measure a Fuchs stability ratio and small variations are tolerable if W remains within the right order of magnitude. 1 -1 0 1 1 -2 0 2 1 -3 0 3 1 -4 0 4 1 -5 0 5 1 -6 0 6 1 -7 0 7 1 -8 0 8 1 -9 0 9 1 -1 0 0 1 0 1 -1 1 In conclusion, Lagrangian simulation provides many informations about the agglomeration kinetics for highly concentrated colloidal suspensions. The simulations, completely relying on theoretical expressions, can be seen as "numerical experiments". They give access to the rapid agglomeration kinetics that is not experimentally observable.

This approach can be improved by implementing additional theoretical aspects. For example, the use of a spherical geometry for the primary particles can be seen as an oversimplification, using several smaller spheres to build non-spherical primary particles could improve the model. With such a system, asymmetry in the surface charge distribution could be included [START_REF] Evan | A methodology for coupled cfd-dem modelling of particulate suspension rheology[END_REF]. The addition of other interaction forces, like the influence of water molecules due to the hydrophylic character of colloidal particles could further improve the model. However, the use of the Brownain dynamics model enables to fill some experimental gaps and validates the population-balance for the modeling of the agglomeration.

Slow coagulation: experimental results and population balance

In this section we present the experimental results concerning the in-situ (DLS and SAXS) and ex-situ (STEM) characterisation of agglomerate growth. The experiments have been carried out for a boehmite concentration ≤ 5 g/L in order to observe a slow coagulation. For the in-situ, this entails a characteristic coagulation time of the same order of magnitude of the acquisition times of the different analysis techniques. This section is divided into two parts: in the first part (sections 7.4.1-7.4.3) the experimental results of the in-situ DLS and SAXS analyses are presented. These results cannot be compared directly due to the different hydrodynamic conditions, but provide complementary information on the effect of pH, concentration and ionic strength on the agglomeration kinetics. In the second part (section 7.4.4) the DLS results are fitted with the model based on the population balance under Brownian motion conditions (Smoluchowski equation). A strategy for fitting SAXS and Laser diffraction results is also presented, considering shear-induced aggregation and breakage.

Effect of pH

DLS results

Fig. 7.13(a) reports the DLS results at different pH for an initial suspension of 0.04 g/L of Pural SB3.

The same results on a log-log plot are represented in Fig. 7.13(b).

-The results for pH within the range 8.8 -9.7 are similar, leading to a quite fast growth of the average hydrodynamic radius. The behaviour of the corresponding data in Fig. 7.13(b) is nearly linear, which is typical of agglomeration mechanisms (diffusion limited [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF]).

-At pH 10.5 agglomeration is slower. The behaviour in Fig. 7.13(b) deviates slightly from linear.

It could be considered halfway between a slow kinetic (reaction limited) and a fast kinetic (diffusion limited).

-At pH 11 the agglomeration even slower. The points in Fig. 7.13(a) can be represented by an exponential law which is typical of slow kinetics (reaction limited [START_REF] Lin | Universality in colloid aggregation[END_REF]).

-At pH ≤ 7.4 no agglomeration has been observed over 8 hours.

For a pH within 8.8 and 10.5, all the experimental points show an initial rapid growth, followed by a slower one. This aspect has also been observed with Brownian dynamics simulations. The high variability of the mean radius can be due to several factors:

• A very low concentration, necessary to observe slow kinetics, which decreases the signal-tonoise ratio.

• The fact that agglomeration is a chaotic process leading to polydisperse systems which are difficult to characterise.

• To a non-homogeneous concentration of ammonia in the measuring cells, which are not mixed to maintain Brownian motion conditions.

The four experiments at pH 11 show different linear behaviour on Fig. 7.13(a), this can be attributed to the fact that local pH variations have a strong influence on the agglomeration in the first few seconds, determining the size of the first agglomerates. Then, the slow agglomerate growth produces a relatively high signal-to-noise ratio. These results are in agreement with DLVO theory since the closer the pH is to the PZC (see Fig. 7.14(b)), the more unstable the suspension, and therefore the more favoured is the agglomeration. The stability of a suspension is typically measured with the Fuchs stability coefficient (the closer to 1 the more unstable the suspension). In Fig. 7.14(b) Fuchs coefficient W is calculated using the theoretical formula in Eq.(2.34) and the experimental values computed according to [START_REF] Holthoff | Coagulation rate measurements of colloidal particles by simultaneous static and dynamic light scattering[END_REF] (discussed in section 2.3.2.4, details on the computation are in Appendix B). The fair agreement between the experimental and theoretical Fuchs close to PZC enables to use W exp as initial values for the DLS-data fit with the population balance (see section 7.4.4).

For pH > PZC, the difference between W exp and W theoretical is not negligible. According to DLVO theory the suspension under these conditions should be much more stable. This means that the growth of agglomerates should be much slower or absent. The relatively rapid agglomeration observed can be explained by the fact that in order to reach pH 10.5 and 11, the suspension has reached, even for a few fractions of a second, the PZC, initiating the agglomeration.

SAXS results

In the chapter 3 it has been mentioned the maximum size range of the different analyses (Fig. 3.1). While Laser diffraction, STEM and DLS cover a wide size range, SAXS enables to characterise structures up to 300 nm (in average diameter). Therefore, it is not possible to characterise the agglomerates that overcome this limit. However, the short acquisition time of SAXS well suited to observe the agglomerate growth in the first instants following ammonia/NaCl injection. Fig. 7.15 shows the SAXS curves of the initial dispersed suspension and of the agglomerated ones 30 minutes after ammonia injection for different final pH values, at 0.2 and 1 g/L. As already mentioned, the aggregates do not undergo significant changes following the injection of ammonia. The part of the curve that depends on the quantity, structure and size of the aggregates remains unchanged. Therefore we will report only the part of the curve depending on the agglomerates. From these curves it is possible to sort the pH with respect to the evolution of the agglomerates. The effect of pH seems to be the same for both concentrations.

The highest values of scattered intensity are observed at PZC, then at pH∼8, at pH∼11 and at pH ∼ 10 (for these two last ones the intensity almost overlaps for 0.2 g/L). Experiments at pH∼4 have also been carried out but agglomeration has not been observed. 7.16 and Fig.7.17 show the results of the Beaucage fit of these curves, respectively for 0.2 and for 1 g/L. The degree of agglomeration G 1 /G 2 is proportional to the number of aggregates contained in an agglomerate. The evolution of R aggl gyr is characterised by an initial fast growth, followed by a slower one, similarly to the DLS experimental results. We define these two phases as fast regime and slow regime respectively.

Concerning the experiment at 0.2 g/L, no significant differences in terms of gyration radius are observed, apart from a relatively high initial growth at pH 8. The fractal dimension appears to evolve faster at PZC, followed by pH 8.30, and pH ≥ PZC. This order is fixed already at the end of the first phase. The fractal dimension depends strongly on the pH: at the end of the first phase, gaps of d aggl f values are observed with an increase from 2.3 to 2.5 respectively from pH 10.74, to PZC. Considering the degree of agglomeration, at the end of the first phase we observe

G 1 /G 2 (PZC)> G 1 /G 2 (pH 8.3)∼ G 1 /G 2 (pH 10.74)∼ G 1 /G 2 (
pH 10.58), during the second phase a gap of 5 forms can be noticed between G 1 /G 2 (pH 8.3) and G 1 /G 2 (pH 10.74)∼ G 1 /G 2 (pH 10.58). Fig. 7.17 shows the results of the Beaucage fit for experiments conducted at 1 g/L and at different 108CHAPTER 7. COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS pH. For each parameter, the evolution in the slow regime is higher for PZC, then for pH 8 and then for pH 11 and 10. The gyration radius evolves quite fast, refering that equilibrium is reached already at the end of the fast regime for all pH, generating gap between pH ≤ PZC and pH > PZC of around 30 nm. After 30 min the gap between pH ≤ PZC and pH 10 is still about 30 nm, and the gap between pH ≤ PZC and pH 11 reduces to around 10 nm. Concerning the fractal dimension, a gap of 0.2 forms at the end of the fast regime still between pH ≤ PZC and pH > PZC. The kinetics is more or less the same for all pH in the second phase, except for pH 10. During the first phase

G 1 /G 2 (PZC) > G 1 /G 2 (pH 10.88) > G 1 /G 2 (pH 10.60) > G 1 /G 2 (pH 8.24)
and in the second phase G 1 /G 2 (pH 8.24) follows a kinetics similar to G 1 /G 2 (PZC), exceeding G 1 /G 2 (pH 10.88) and G 1 /G 2 (pH 10.60) that remain roughly constant. At pH 4.74, agglomeration is not significant. In conclusion, for concentrations 0.2 g/L and 1 g/L the pH acts mainly on the fast regime (within the first seconds immediately after the ammonia injection). The kinetic is similar in the slow regime, where R gyr and d f tend to stabilize. time, we can retrieve a structural information during the rearrangement.

For the experiments at 1 g/L the proximity to PZC increases d aggl f at equal R aggl gyr . This is less visible at 0.2 g/L. However, this observation cannot be extended to the entire boehmite suspension as SAXS can characterise agglomerates up to a mean R gyr of 150 nm. All the assemblies above this limit cannot be seen with this technique. A possibility of improvement this work could be achieved with USAXS coupled with SAXS analysis (which would enable to characterise the suspensions over a wider size range [START_REF] Krzysko | Correlating inter-particle forces and particle shape to shear-induced aggregation/fragmentation and rheology for dilute anisotropic particle suspensions: A complementary study via capillary rheometry and in-situ small and ultra-small angle x-ray scattering[END_REF]). 

STEM image processing

Proximity of pH to PZC seems to favour the formation of more compact structures with a decrease in the projected fractal dimension d 2D f (the method for computing the mass fractal dimension d f has been described in section 7.2). Between samples at pH 4 -7 and the sample at pH 9.6, we notice an evident change in the structure. For the first two samples, the mass fractal dimension is of 2.6. Sample at pH 9.6 presents highly compact objects Fig. 7.19(c), for which the mass fractal dimension is 2.9. Concerning the size, Fig. 7.19(d), Fig. 7.19(e) and Fig. 7.19(f) report the histogram of the average radius weighted with respect to the number of agglomerates. The average radius increases whith the proximity to PZC as it is reported in Tab.7.5.

Concerning the results of STEM image processing we have to consider that:

-The preparation of the samples involves drying under an IR lamp, therefore the average size may be affected by the increase in temperature;

-The average size observed depends on the magnification used during the acquisition of the images, in this case, for a correct calculation of perimeter and area, the magnification X 1500 has been chosen to observe the largest agglomerates present in the sample, the precision is less lower concerning smallest objects.

For these reasons, the results cannot be directly compared to DLS and SAXS, but must be considered in terms of trend, which confirms that proximity to the PZC produces larger clusters. 

Summary

The DLS results show that agglomerate growth is faster the closer the pH is to the PZC. The experimental results in terms of mean hydrodynamic radius vs. time have been plotted on a log-log plot (Fig. 7.13(b)) and it has been observed that the proximity to the PZC leads to a linear behaviour, which is typical of the diffusion-limited growth reported in the literature [START_REF] Weitz | Limits of the fractal dimension for irreversible kinetic aggregation of gold colloids[END_REF]. On the other hand, far from the PZC the behaviour is typical of slow growth (reaction limited) [START_REF] Lin | Universality in colloid aggregation[END_REF]. The Fuchs stability factor tends towards 1, the closer the pH is to PZC. This factor has been calculated both theoretically and experimentally. The SAXS analysis gives results that cannot be directly compared to DLS because of the different operating conditions (such as the different boehmite concentration), because of the agitation (necessary to prevent sedimentation and due to the continuous sampling) and for the size limit. The behaviour observed in SAXS results suggests that the proximity to PZC, besides favouring faster kinetics, leads to more compact structures. Even if the concentration and the sampling is different, the STEM image processing also showed that a pH close to PZC lead to more compact structures (see Fig. 7.20). The results of STEM image processing do not depend on the observed size range, they can be compared with SAXS results valid within a range 50-300 nm (details concerning this verification are reported in Appendix C). The sample preparation is different: the SAXS measured the d f of a suspension, the STEM image processing is performed for dried samples. However, both STEM and SAXS d f tends to higher values close to P ZC. This result is in disagreement with what is typically reported in the literature where slow growth (reaction limited) corresponds to a high fractal dimension, and fast growth (diffusion limited) corresponds to a lower fractal dimension [START_REF] Lin | Universality in colloid aggregation[END_REF]. This may be due to the presence of interaction forces not included in most models of inter-particle potentials, such as the effect of water molecules bridging around colloids [START_REF] Israelachvili | Intermolecular and surface forces[END_REF] which may add a barrier to agglomeration in the case of hydrophilic surfaces.

It is also possible that, besides the growth mechanism, the fractal dimension also depends on rearrangement phenomena (Jungblut & Eychm üller, 2020).

Effect of boehmite concentration

DLS results

Fig. 7.21 reports the DLS results for the agglomeration experiments conducted on Pural SB3 suspension at different concentrations: 0.02, 0.04 and 0.1 g/L. The results are reported for a pH close to PZC and for pH 11. These results show that at PZC, the increase in concentration favours the 114CHAPTER 7. COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS agglomeration kinetics. At pH 11, there is no clear effect of the concentration. The experiments at 0.02 and 0.1 g/l have been performed using a longer acquisition time with respect to 0.04 g/L.

It is therefore not possible to conclude on the agglomeration mechanism immediately following the injection of ammonia. However, the points on the log-log plot Fig. 7.21(b) confirm that the behaviour at PZC is linear for all concentrations, indicative of rapid kinetics of the diffusion-limited type. And at pH 11 the behaviour deviates from linearity, indicative of slow reaction-limited kinetics. 

SAXS results

Fig. 7.22 reports the SAXS curves corresponding to the initial and final state of the agglomeration processes. The effect of the pH changes with the concentration. In Fig. 7.23 the Beaucage results at pH ∼ 8.3 are reported for 0.2 and 1 g/L. The fast regime and the slow regime are present also at different concentrations. We can observe that the results for the two different concentrations are similar during the fast regime, then gradually all the parameters at 1 g/L overcome the ones at 0.2 g/L during the slow regime.

In particular at 1 g/L the fractal dimension and the agglomeration radius seem to reach a plateau after a rapid evolution by the end of the 30 min, while at 0.2 g/L the gyration radius maintains roughly constant and the increase in the fractal dimension is slower without reaching a stable value. To conclude, an increase in concentration leads to a higher R aggl gyr , d aggl f and G 1 /G 2 during the slow regime. There are no evident differences during the fast regime. 

pH ∼ PZC

In Fig. 7.24 the Beaucage results at PZC are reported for 0.2 and 1 g/L. During the fast regime, there is no significant effect of the concentration, as for the case of pH∼8.3. In the slow regime, the concentration seems to have an impact only on the agglomerate gyration radius. The fractal dimension and the degree of agglomeration are roughly the same. The conclusions are the same that we draw in the last case, the concentration favours agglomeration in the slow regime, even if the enhancement is less pronounced than for pH∼8.3. In Fig. 7.25 the Beaucage results at pH∼10.5 are reported for 0.2, 1 g/L and 5 g/L. The interpretation of these results is not simple. It is not possible to recognize a monotonous trend with the concentration for any of the measured parameters.

-For R aggl gyr and G 1 /G 2 the results of 0.2 and 1 g/L are similar, both in the first and in the second phase. d aggl f is the only parameter that shows a different behaviour with the concentration, the trend is reversed with respect to PZC and pH∼8, and this can be seen in both regimes.

• The results for all the parameters at 5 g/L are significantly higher. This may suggest that a threshold concentration exists, for which the concentration favours agglomeration even at basic pH. At 5 g/L d aggl f reaches a maximum of 2.8 one minute after the ammonia injection, then it decreases slowly. This may be due to the shear field. In Fig. 7.26 the Beaucage results at pH∼10.8 are reported for 0.2 and 1 g/L. With respect to the gyration radius at 0.2 g/L, a stable value is reached just after injection while the fractal dimension 120CHAPTER 7. COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS

remains approximately constant at 2.3 for the first 5 minutes and then gradually increases to 2.7. At 1 g/L, after the addition of ammonia R aggl gyr has an initial stall phase at approximately 85 nm for the first 5 minutes, followed by gradual growth to a plateau of approximately 110 nm. The same behaviour is observed for the fractal dimension. The degree of agglomeration does not change with concentration. Similarly to pH 10.5, the concentration decreases the d aggl f both in the first and in the second phase. But the concentration increases R aggl gyr in the slow regime. 

Effect of concentration on phase diagrams

To evaluate the impact of concentration on the agglomerates structure phase diagrams can be used, plotting R aggl gyr vs d aggl f (Fig. 7.27). At equal fractal dimension, the concentration increases the size of the agglomerates at all pH. 

Summary

According to the literature [START_REF] Cristiani | Effect of ageing time on chemical and rheological evolution in gamma-al2o3 slurries for dip-coating[END_REF][START_REF] Cristiani | Study of the physico-chemical characteristics and rheological behaviour of boehmite dispersions for dip-coating applications[END_REF] concentration favours agglomeration kinetics because of the higher probability of collision between colloidal particles. However, experimental results have shown that the effect of concentration changes with pH. Although more data would be needed to obtain more precise information it can be concluded that:

-Boehmite concentration promotes agglomeration kinetics for pH ≤ PZC. This is observed with DLS and SAXS analyses, although the hydrodynamic conditions are not the same.

-The effect of concentration is not evident at pH ≥ PZC, both with DLS and SAXS data.

SAXS results suggest that there may be an inversion of the behaviour in terms of rearrangement. At pH ≤ PZC the concentration favours a rearrangement that forms more compact structures (see Fig. 7.23(c) and Fig. 7.24(c)), at pH ≥ PZC the concentration slows the rearrangement (see Fig. 7.25(c) and Fig. 7.26(c)). However, the effect of concentration is the same on phase plots (see Fig. 7.27), that is of favouring larger agglomerates at equal fractal dimension, or denser agglomerates (higher d f ) for the same agglomerates size. .7.28(a) presents the results in terms of mean hydrodynamic radius suspensions of 0.04 g/L of Pural SB3, for two pH values and for two values of ionic strength (varied by addition of NaCl). Salt is added when preparing the initial suspension. The low concentration at 0.01M does not lead to changes in the Zeta-pH curve, and the initial suspension retains its dispersed state (STEM images are presented in the Appendix D). Fig. 7.28(b) presents the results in a log-log plot. At PZC, the addition of salt accelerates agglomeration without changing the behaviour on the loglog plot (it remains linear and typical of diffusion-limited agglomeration). At pH 11, the addition of salt increases the agglomeration kinetics and changes the behaviour on the log-log plot from exponential to linear (from reaction-limited to diffusion-limited). This is observed in literature [START_REF] Lin | Universality in colloid aggregation[END_REF]: the ionic strength screens the inter-particle electrostatic interactions, leading to a decrease of the Debye length [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF]. The effect is the same found for a pH approaching the PZC. 

Effect of ionic strength

DLS results

Fig

SAXS results

NaCl in t 0

In this paragraph, the agglomeration kinetics at 0.1 M ionic strength of NaCl are investigated. In one experiment, NaCl has been added during the preparation of the suspension t 0 and the suspension has been characterised the day after, in a second experiment NaCl was added while launching the data acquisition. In Fig. 7.29, SAXS curves are reported for t 0 , at 22 min after NaCl injection and after 24 hours. According to the results of the Beaucage fit (Fig. degree of agglomeration fluctuates around 20. The comparison with the results at t 0 preparation with NaCl and characterised after 24 hours, show that due to the effect of NaCl alone, leads to an increase of d aggl f up to 2.4 and in the degree of agglomeration up to 60. Therefore, the agglomerate growth is much slower than in the case of ammonia injection. For all experiments NaCl has been injected with ammonia. Considering effect of pH, the same trend can be observed at ionic stregth 0 M. In other words, the highest intensity values occur at 128CHAPTER 7. COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS

PZC and pH 8, followed by pH ≥ 10. For experiments at pH∼8 (Fig. 7.31), the increase in ionic strength leads to a significant increase in agglomeration kinetics which results in a faster growth of the gyration radius, the fractal dimension and the degree of agglomeration. This can be observed already in the first seconds following the ammonia and NaCl injection. This behaviour is also found for the other pH, essentially the increase in ionic strength always involves an increase in kinetics. The results are presented in Tab.7.6 in terms of relative growth. All the agglomeration parameters increase with the ionic strength. The effect of ionic strength is less visible at PZC, this agrees with the DLVO theory [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF].

The proximity to PZC and the increase in ionic strength both decrease the electric repulsion forces.

In particular, at PZC these forces are theoretically null, therefore the ionic strength has no impact. 

Summary

Both DLS and SAXS data show that the ionic strength enhances the agglomeration kinetics in terms of evolution of average radius. Even if the operating conditions are different, both techniques revealed that the effect of ionic strength is less visible at PZC, in agreement with the DLVO theory [START_REF] Verwey | Theory of the stability of lyophobic colloids: the interaction of sol particles having an electric double layer[END_REF]. The proximity to PZC and the increase in ionic strength both decrease the electric repulsion forces. In particular, at PZC these forces are theoretically null, therefore the ionic strength has no impact.

Fit with population balance

Population balance provides is a size probability distribution at any time instant. In-situ analyses give access to the evolution of an average radius over time. Before adjusting the model kernels via a fitting procedure, it is necessary to know for the different analysis techniques:

• the size limits,

• the type of weighting of the average radius.

The maximum radii that can be measured with each analysis technique and the type of weighting used in this study are shown in Tab.7.7. 

R 6 i •ξ i n aggl i=1 R 5 i •ξ i SAXS 150 nm Volume R = n aggl i=1 R 4 i •ξ i n aggl i=1 R 3 i •ξ i

Laser diffraction 1 mm

This means that in order to fit SAXS experiments it is necessary to "cut" the population distribution, and to calculate a weighted diameter on the part of the population with radius lower than 150 nm. Fig. 7.33 shows the size limits expressed in mass numbers for DLS and SAXS on the population size distribution obtained by simulating the evolution of the size distribution with the populationbalance. The limits have been converted in ξ (number of primary particles in an agglomerate) using the relationship Eq.( 7.1). Therefore the limit depends on the fractal dimension d f . When we represent the experimental results using the population balance the "cut" of the population is significant for SAXS, enabling to consider only a small fraction of the popultion. In addition, as we simulate the population growth the distribution shifts towards highest ξ values and the fraction "visible" with SAXS decreases.

For DLS there is almost no impact. The limit of Laser Diffraction is of orders of magnitude higher than the largest objects that has been observed experimentally. 130CHAPTER 7. COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS

Given the limit radius R lim gyr , the limit mass number is

ξ lim = k f • R lim gyr a d f (7.5)
where k f is the fractal pre-factor and a is the radius of the primary particle. The cut population is composed by all the agglomerates that have ξ ≤ ξ lim . (7.6) In the following paragraph we present the calculations and assumptions to estimate an average radius consistent with the different analysis techniques.

DLS analysis: weighting with respect to the effective diffusion coefficient.

DLS measures an effective diffusion coefficient based on how quickly the intensity of the scattered light changes. The diffusion coefficient is then related to the average radius R via the Stokes-Einstein law (see section 2.3.1.1)

D = k B • T 6π • µ • R . (7.7)
Considering the effective scattering coefficient described by [START_REF] Sun | Investigating diffusion coefficient using dynamic light scattering technique[END_REF], we write its discretized form

D ef f ∞ 0 R 6 i • D i • G i • dR ∞ 0 R 6 i • G i • dR , (7.8) 
D ef f is the effective diffusion coefficient, R i , D i and G i are the radius, the diffusion coefficient and the number distribution of particles within the class i. By substituting D i with the Stokes-Einstein law. Eq.( 7.8) becomes

D ef f n class i=1 R 6 i • D i • N p,i R 6 i • N p,i . 
(7.9)

According to the Stokes-Einstein law the average radius R is related to the effective diffusion coefficient .10) Substituting Eq.( 7.9) in Eq.( 7.10) leads to 7.11) which is the average weighted radius consistent with the DLS principle.

R 6π•µ k B •T D ef f . ( 7 
R n class i=1 R 6 i • N p,i n class i=1 R 5 i • N p,i ( 
SAXS and Laser Diffraction: weighting with respect to volume.

SAXS measures the average volume gyration radius for agglomerates within a range of 50-150 nm, while LD gives access to a volume weighted distribution. So for a class i, a frequency f i is associated with 7.12) and such that 7.14) This weighted mean radius has been used to compare the results from population balance with those from SAXS and LD.

f i = n class i N p,i • R 3 i n class i N p,i ( 
n class i=1 f i • R i -R i-1 (R i -R i-1 ) = 1 (7.13) and n class i=1 R i • f i • R i -R i-1 (R i -R i-1 ) = 1 ( 

Brownian agglomeration

The DLS data have been fitted with the model based on the population balance equation 7.15) in which only the Smoluchowski aggregation kernel is used

dN k dt = 1 2 k-1 i=1 β i,k-1 • N i • N k -N k ∞ i=1 β i,k ( 
β i,k = 2k B • T 3η • W • ξ 1/d f,i i + ξ 1/d f,k k • ξ -1/d f,i i + ξ -1/d f,k k (7.16)
Therefore, the fitting parameters are the fractal dimension and the Fuchs stability coefficient. In addition, the relationship between the fractal dimension and the gyration radius observed with Brownian Dynamics simulations is introduced (see section 7.3.2).

d f = d f,1 + (d f,2 -d f,1 ) • atg a a • Rgyr-Rcut Rcut + π 2 π . (7.17) 
The total number of fitting parameters is five: d f,1 , d f,2 , R cut , a a and W . A fitting algorithm of Levenberg-Marquardt has been used.

1. In a first step the data of the experiments that showed a significant evolution of the average radius with the lowest acquisition time has been fit. This enables a higher accuracy in determining d f,1 and R cut , which affect the fast regime. The fits of the experiments at 0.04 g/L for a pH from 8.8 to 10.5 are shown in Fig. 7.34.

Independently from the pH, all these experiments can be fit if the parameters of the population balance are kept within the ranges reported in Tab.7.8.

Table 7.8: Variation range of the model parameter for the fit of DLS experiments at concentration 0.04 g/L, with pH varying from 8.8 and 10.5. These ranges are used as constraint for the fit of DLS data with a higher acquisition time (point 2).

Model parameter Range

d f,1 1.4 -1.5 d f,2
2.75 -2.85 R cut 500-600 nm W varies in accordance with theory and experimental estimates (see Fig. 7.14(b) ), that are 1.32, 1.31, 1.17 and 2.5 respectively for pH 8.8,9.3,9.7 and 10.5 (Fig.7.40(e)).

2. In a second step, data from experiments with a higher acquisition time has been fitted, imposing a constraint on d f,1 based on the result of point 1. (Tab.7.8). Indeed only the experiments of point 1 have a sufficient number of points within the initial instants of agglomeration, allowing d f,1 to be adjusted. This value does not change with pH, and it is assumed that it does not change with concentration as well. The results are presented in Fig. 7.35 and 7.36. 3. Finally, data from experiments in slightly unstable substrates (case at pH 11) have been fitted. In this case the expected Fuchs W value is rather high, and d f,1 , d f,2 R cut and a a have no impact on the result from population-balance. These fits have been realised by varying only W and imposing the constraint given in Tab.7.9 for other variables. Results are presented in Fig. 7.38.

Table 7.9: Variation range of the model parameters for a concentration between 0.02 and 0.1 g/L (4-20 ppm), pH varying from 7.9 and 10.5.

Model parameter Range

d f,1 1.45 -1.55 d f,2
2.75 -2.85 R cut 500-800 nm a a 0-4 Fig. 7.40 shows the values of all fit parameters as a function of pH and for different concentrations and ionic strength. These graphs provide reference values, which allow the estimation of growth kinetics within Pural SB3 suspensions that cannot be characterised experimentally. It is possible, for instance, to estimate the evolution of a suspension at 200 ppm (1 g/L). This type of system has been characterised via DLS but the agglomeration is so fast that only the plateau value can be observed. However, this data can be represented by the model by imposing values on the parameters which always remain in the ranges described above (Tab.7.9). The adjustment of the Brownian kernel allows us to extrapolate to operating conditions that cannot be characterised experimentally. For example, at 1 g/L the growth of agglomerates is too fast and only the average size at equilibrium can be observed in DLS. Fig. 7.39 enables to compare the population-balance and the experimental results obtained at high concentration for pH = 8.4 and pH = 9.6 (∼ PZC). The model parameters are represented by the blue dots in Fig. 7.40.

There is fair agreement between the model and the data. It can be concluded that the fit of the experimental data at low concentration enables to set ranges for the parameters of the model, which make it capable to represent evolution of suspensions at higher concentration. The average radius is calculated from a probability density function. Fig. 7.41 shows this probability distribution for the operating conditions 1 g/L and pH = 9.6 after a time of 1 hour. This result has been used to adjust a morphological model of a powder obtained by drying the suspension (see chapter 9). 

Fit of shear parameters

As mentioned above, the results of SAXS and DLS cannot be directly compared due to different hydrodynamic conditions and to the different size limit. We now check if it is possible to fit the SAXS data with the population balance, imposing the same constraints on d f,1 , d f,2 , a a and R cut used to the fit DLS data. This has been verified for the experiments at 1 g/L (200 ppm) and pH ∼ PZC. The free parameters are the shear rate γ and c 1 (related to the breakage kernel, see section 5.2.2.1). This procedure has been achieved realising the cut of the population distribution according the values reported in Tab.7.7.

1. Initially, the fit has been performed on the experimental LD data. The shear rate has been adjusted by comparison with the evolution of the average radius (Fig. 7.42(a)), while c 1 has been fixed by comparison with the volume-weighted distribution (Fig. 7.42(b)). 2. By imposing the constraint on c 1 , the SAXS results have been fit (See Fig.7.43). In order to respect a W close to 1 (imposed by the pH ∼ PZC) the distribution has been cut at 125 nm, which is close to the value of 150 nm expected for the measuring device.

The inlet parameters used for case 1. and 2. are reported in Tab.7.10.

The study of shear-induced agglomeration and breakage is beyond the aim of this work. However, the results show that the population balance can be used to simulate different analysis techniques, adjusting the cut of the size distribution and the weighting of the average radius. According to the model, W and R(d f ) adjusted via DLS data fit can also represent SAXS and LD data. 

Discussion

The results presented in this chapter led to the validation of a strategy for the parametrisation of a population-balance model. The model must be able to simulate the coagulation kinetics within colloidal boehmite suspensions. The results of the adjusted population-balance (size distribution and d f (R gyr ) function) must parametrise the morphological model (see chapter 8). As a first step, it has been verified that, starting from the initial suspension described in chapter 6, the variation of pH, concentration and ionic strength under Brownian motion conditions affects only the agglomerates (boehmite coagulates larger than 50 nm). Once the agglomerates have formed at the Point of Zero Charge, it is possible to disperse them again into the same initial aggregates by lowering the pH. Furthermore, the size distribution of the aggregates is relatively narrow compared to that of the agglomerates (see Fig. 7.1). For this reason it is possible to describe the process as a coagulation of mono-dispersed elementary particles (the agregates) to form larger assemblies, the agglomerates. This hypothesis is used both in the Lagrangian model and in the population-balance model.

The in-situ experimental protocol has been used for the DLS, SAXS and Laser Diffraction analysis techniques. In addition, a procedure has been developed to compute fractal dimension and size distributions from STEM images. The different operating conditions (in particular the hydrodynamic conditions) do not allow to directly compare the results of DLS and SAXS. However, it is possible to obtain complementary information on the effect of pH, concentration and ionic strength. Experimental gaps can be filled by Lagrangian simulations. This is the case of highly concentrated systems, whose coagulation is too fast (0.1 s) to be observed from acquisition time scale of experimental techniques (1-10 s). Brownian dynamics also enables to compute a relationship between fractal dimension and gyration radius. This relationship has a sigmoid shape and can be described by an arctangent function (see Fig. 7.10 and and Eq.7.4). This relation has been implemented within the population balance, leading to a good agreement between the two models (see Fig.7.11). This new form of the population-balance model has been used to fit the experimental data. It should be noted that the relation d f (R gyr ) has a slightly different meaning in the two models. In the Lagrangian model, it describes the average fractal dimension as a function of the average radius of the system. In the population balance, this relation is used to assign a fractal dimension to each class. The Brownian agglomeration kernels of the population balance have been adjusted via a fit of the DLS data. This kernel depends on the Fuchs stability coefficient W and on the parameters of the arctangent function: d f,1 and d f,2 , the abscissa of the inflection point R cut and the slope in the same point a a . pH appears to have an impact only on W and a a , both have a tendency to minimum for pH = PZC. Concentration has a slight influence on R cut . The fit outlined expected ranges of variation of the parameters of the Brownian kernel (Tab.7.9). These ranges have been used as constraints to fit SAXS and Laser Diffraction data. In this case shear-induced agglomeration and breakage are taken into account (section 7.4.4.2). Although the study of hydrodynamic conditions is beyond the aim of this work, the method presented (section 7.4.4) allows the use of population-balance to represent the results of different characterisation analyses.

In many cases both DLS and SAXS data show the same trends. The agreement with the DLVO theory has been observed for most of the operating conditions, it has been noticed that:

• the closer the pH is to PZC, the more agglomerates growth is favoured, independently of concentration;

• concentration favours the formation of large agglomerates for pH ≤ PZC, the effect of concentration is less evident for pH ≥ PZC;

• the ionic strength favours agglomeration further away the pH is from PZC.

However, there are still some open questions concerning the relationship between the agglomeration mechanism and the structure of the agglomerates (described by the fractal dimension d f ). In the literature, rapid growth kinetic (DLCA) is associated with a lower fractal dimension than slower growth kinetics (RLCA) [START_REF] Lin | Universality in colloid aggregation[END_REF]. The behaviour of boehmite agglomerates in this work is rather the opposite: for a fast growth (near PZC or for a high ionic strength), more compact structures are formed. To recall this result, Fig. 7.44 reports all the measured/estimated fractal dimensions using different approaches.

Agglomerates fractal dimension

Fig. 7.44 presents results from different techniques for estimating d f .

• STEM image processing has been performed on samples at 0.02 g/L and for three pH values. The fractal dimension increases towards PZC. It has to be noted that the absolute value of d f is affected by the sample preparation (drying under IR lamp) and by the magnification used to acqhuire the microscopy images;

• The SAXS analysis, although it allows only a small portion of the population to be observed and the sample is mixed, is the only analysis to provide a measure of fractal size in situ. The graph shows the fractal size of a 1 g/L suspension for different pH values at 3 s (SAXS(3s)) and 30 min (SAXS(30min)) after ammonia injection. It is interesting to note that at the beginning of the agglomeration the behaviour of df tends to minimum towards PZC, while after 30 min df tends to maximum towards PZC. It would be interesting to understand if the agglomeration mechanism changes between the first phase of rapid growth and the second phase of slow growth (respectively fast and slow regime).

• The fit PBE value is computed by averaging the fractal dimension obtained after a simulation of 1 hour of agglomeration with the population-balance. The fractal dimension is weighted with respect to the number of agglomerates of each class. The value is lower than the one measured by the other techniques probably due to the type of weighting. However is it possible to notice a mild tendency to a maximum towards PZC also for STEM and SAXS(30 min).

• The values DLS d DLCA f have been computed from the slope of the log-log plot of DLS data showing linear behaviour (see Fig. 7.28). The results are decreasing from pH 8.8 to pH 10.5, following the trend of SAXS(30 min) except for one point. The fact of obtaining more compact structures close to PZC could be due to rearrangement phenomena. In this case, the fast regime could be interpreted as a phase in which agglomerates growth prevails with a lower d f close to PZC, and the slow regime as a phase in which rearrangement is predominant and the fractal dimension of each agglomerate increases. This is suggested by the comparison of SAXS data at the beginning of agglomeration and after 30 min. However, the d f measured with SAXS is averaged over the agglomerates in the system, so it is not possible to know whether its evolution is due to an increase in the number of larger agglomerates or to a real rearrangement. Within the population balance we do not take into account rearrangement phenomena, and the variation of the fractal dimension over time is considered to be related to the average size (and mass number ξ) of the agglomerates. The size is related to a given fractal dimension by means of the phase plot.

Results of the population balance: phase plot and probability density function

The population-balance can be parameterized to represent specific operating conditions. The result of the model consist in a probability density function and in a d f (R gyr ) function (or phase plot). These are the inlet of a morphological model that builds the three-dimensional structure of agglomerates. Fig. 7.45 shows the phase plots obtained from the population-balance fitted with DLS data. In this work we used SAXS data to derive phase plots in a similar way to the Lagrangian model. This comparison could be improved in the future, maybe coupled with Ultra-small angle X-Ray scattering to increase the maximum observable size and make a parallel with the population-balance results. At the moment, due to the size limits of SAXS and to the short duration of our experiments, the phase diagrams obtained from SAXS are not complete (no plateaus are visible). Considering population balance results, the most important variation is observed in the case of shear-induced agglomeration (Fig. 7.45(d)), whose study and investigation is a perspective of this work. More experimental data would be needed to conclude on the effect of the ionic force (7.45(c)). Concerning concentration (Fig. 7.45(a)) and pH (Fig. 7.45(b)), the variations of phase diagrams are rather small to prove the presence of a clear structural effect. In order to predict the morphology of the agglomerate network that can be generated within the suspension, the gyration radius probability density function must also be considered. Fig. 7.46 shows these results for the same operating conditions as Fig. 7.45 (the colour code is the same). Shear-induced agglomeration again leads to a significant change in the size distribution, both in terms of peak and shape (Fig. 7.46(d)). The distribution of the other parameters simply shifts, but the shape remains the same. In terms of concentration, when the concentration increases from 0.02 to 0.1 g/L the peak is shifted from 650 to around 950 nm (Fig. 7.46(a)). An increase in ionic strength from 0 to 0.01M shifts the peak from 700 nm to 1000 nm (Fig. 7.46(c)). Regarding the pH there is almost no difference in the range 8.8 < pH < 9.7 and a slight decrease of the peak by 100 nm is observed at pH 10.5 (Fig. 7.46(b)). It can be concluded that, in the range of physical-chemical parameters observed, the most determinant on the structure and distribution of the agglomerates is the shear rate. However, the study of the hydrodynamic aspects is beyond the scope of this work. The concentration and the ionic strength follow in order of impact (although for ionc strength it would be necessary to perform more experiments with DLS for higher NaCl salt concentrations). The pH revealed no significant impact on d f (R gyr ) and on size distribution. It should be noted, however, that for reasons of pH stability it was possible to obtain the DLS agglomeration data in a reduced pH range. The DLS characterisation protocol could be used for boehmite suspensions with a different acid/base couple. In order to have more intermediate conditions between the stable suspension and the PZC. A morphological agglomeration model with variable fractal dimension

Formalism

A dense simulation model without object overlap is proposed. The objects are either in contact or at a controlled repulsion distance. Using the locations of the implanted objects, the simulation calculates the possible positions for the next object. This model is completed by the definition of concave zones (see Eq.(8.7)), that further densify the packing.

The probability that the next object is positioned on a concave zone depends on a parameter called α and the probability that the concave zone is the closest to the center of mass of the aggregate depends on a β parameter (where β ≤ α) (Fig. 8.1).

A fast calculation method will be proposed in the case of simulation with spheres of constant radius on a discrete grid. Basic morphological operations on sets are recalled. Considering X defined by a set of points z in R 3 , its complementary set is written as X c = {z ∈ R 3 , z / ∈ X}. The position of X is denoted as the position of one of its points in R 3 . The morphological dilation δ X (Y ) and erosion X (Y ) of the set Y by X are respectively [START_REF] Serra | Introduction to morphological filters[END_REF]:

δ X (Y ) = {z : Xz ∩ Y = ∅} (8.1) X (Y ) = ∩{Y z , z ∈ X}. (8.2)
Where X z is the set translated at point z, X z = {x + z; x ∈ X}; and X is the transposed set of X, X = {-x, x ∈ X}. Dilation δ X (Y ) is the locus of the possible z positions of the Xz transposed element when this latter intersects Y . Erosion X (Y ) is the location of the possible z positions of the X z element when this latter is contained in Y [START_REF] Serra | Introduction to morphological filters[END_REF].

Consider the simulation of a set A obtained by the union of ξ objects P , these objects can have any random shape. The model is sequential: the first object is placed randomly in R 3 . The x position of a new object P may be randomly chosen in the frontier of the dilation set of the aggregate A A = ∪ i P i (8.3) defined as:

X P = F (δ P (A)) (8.4)
F (X) is the set of points at the border of X, F (X) = {z : B z ∩ X = ∅}, with B unit ball.

In the case of a repulsion distance r between objects, the set X P becomes

X P δB(r) = F (δ P δB(r) (A)) (8.5)
with B(r) sphere of radius r. In this way, the new objects will be in contact with or close to the ones already placed. However, the set of objects formed sequentially can easily form cavities not accessible to new objects. The final compactness of the aggregate can be tuned by placing the objects either in the concavities, or randomly on the aggregate dilation (see Fig.

(8.1)).

Concave points can be extracted by means of closing operator ϕ, that can be expressed by dilation and erosion [START_REF] Serra | Introduction to morphological filters[END_REF] ϕ r (Y ) = r (δ r (Y )) (8.6) with r the sphere radius. The greater the value of r, the larger the size of the concavities. When r tends to infinity, the closure defines the convex envelope, i.e. the totality of the possible convex points. The set X CV P denoting locations of concave points is given by (Fig. 8.1): The α variable tunes the compactness of the set A. Therefore, the model can generate an aggregate with few cavities, but the obtained aggregates can still easily be organized with a more or less elongated shape. In order to build even more compact aggregates, one can consider the concavity closest to the center of mass of the set of objects already placed. A new set X M P is defined as:

X CV P = F (δ P (A)) ∩ F (ϕ r (δ P (A))\δ P (A)) (8.
X M P = x ∈ X CV P |inf d(x, M ) (8.8)
where M is the center of mass of A and d(x, M ) is the euclidean distance between a point x and the point M . An illustration of the different sets is proposed in Fig. 8.1, for 2D case. Two parameters β and α are used to control the compactness of the final aggregate. It is possible to set β as a function of α to reduce the number of parameters. Let p be a uniform random variable on [0;1], β ∈[0,1], α ∈[0,1] and α ≥ β. The position of a new object P is randomly drawn in the set X M P , X CV P , or X P depending whether p ≤ β, β < p ≤ α or p > α respectively. For α = β = 0 the object P is located randomly on X P , producing aggregates with low compactness. For 0 < α ≤ 1, β = 0 the object P is located randomly on X P and X M P , producing aggregates with low-medium compactness. For α = 1, β = 0 the object P is located randomly on X CV P .

For 0 < α ≤ 1, 0 < β < 1 the object P is located either randomly on the aggregate dilation X P either on a concave point of the dilation X CV P or on the concave point closest the the center of mass X M P . If α = β, P is located either on X P or on X M P , producing aggregates with medium-high compactness. For α = β = 1 the object P is located on X M P , producing aggregated with high compactness.

The size of the final aggregate depends on the number of elementary objects and on α and β compactness parameters. Size parameter such as gyration radius as a function of the fractal dimension in the case of spherical elementary particles can be calculated with Eq.(5.19),(5.20). The morphological model of aggregation can be used with all kinds of object shapes in order to represent various colloidal systems (for instance silica or boehmite). 

Accelerated scheme

The simulation of an aggregate of spheres of constant radius is a special case where a very efficient construction algorithm can be defined. A similar scheme is possible for the case of a disc of constant radius. A discrete orthonormal grid in R 3 and a volume of simulation of finite size is considered. The Euclidean distance to a set Y from the position z is noted d(z, Y ), which is the smallest distance from the point z to a point of the set Y . In this discrete space, the morphological dilation of a set Y by a sphere of radius r are written using a distance function:

δ r (Y ) = Y ∪ {z ∈ Y |d(z, Y ) < r} (8.9)
Smallest possible concavities are considered, i.e. those obtained by a unit size closing. To construct the sets X P , X CV P and X M P , it is important not to browse through the entire volume to update the sets each time a new sphere is implemented. Consider a new sphere of radius r to be located at point x c . It affects the considered sets only in a cube of side 4r centered in x c . Each point of this cube can be assigned according to its previous assignment. The sets X P and X CV P can be updated as follows:

Simulation of large volumes

In order to use morphological operators, the algorithm works in discrete space with integer numbers for positions and particle shape. This requires objects of a sufficiently large size to achieve the desired precision. The construction of aggregates, even large ones, is extremely fast in the case of disks or spheres with constant radius. For this reason there is an interest in using this model to simulate large volumes of porous structures. Examples of simulations with constant radius of 200000 disks (simulated domain 10000 2 pixels) and 50000 spheres (simulated domain 1000 3 voxels) obtained for calculation times of 4 s and 40 s respectively (CPU core i7-8850H, 16 Go RAM) are presented Fig. 8.3. The time complexity of the fast scheme is linear in the number of objects to simulate. The algorithms presented in this paper are available under plug im! platform (plug im!, 2018). obtained with Brownian dynamics, i.e with fractal dimensions between 1.2 and 3, for aggregates constituted from 2 to several thousand number of particles.

The parametrisation of the morphological model is achieved using α, β charts to associate all pairs of d f , ξ to the α, β couples. In order to draw the α, β chart for a given ξ, the average results presented in Fig. 8.4 has to be fit with a two-variables third degree polynomial function:

d f =p 00 + p 10 • x + p 01 • y + p 20 • x 2 + p 11 • x • y+ p 02 • y 2 + p 30 • x 3 + p 21 • x 2 • y+ (8.12) p 12 • x • y 2 + p 22 • x 2 • y 2 + p 03 • y 3
where x = α, y = β/α and all the coefficient p i,j are a function of ξ, in order to assign all the α and β/α couples to an average fractal dimension at a fixed ξ. The Eq.(8.12) is solved with respect to α. The resolution gives the intervals β/α that, together with α enables to build aggregates with an average fractal dimension. The zeros of cubic function are to be found in x

x 3 + a 2 • x 2 + a 1 • x + a 0 • -d f = 0
where

a 2 = (p 20 + p 21 • y)/p 30 a 1 = (p 10 + p 11 • y + p 12 • y 2 )/p 30 a 0 = (p 03 • y 3 + p 02 • y 2 + p 01 • y + p 00 -d f )/p 30 . Given q = 1/3 • a 1 -1/9 • a 2 2 r = 1/6 • (a 1 • a 2 -3 • a 0 ) -1/27 • a 3
2 s 1 and s 2 are defined as the real numbers

s 1 = r + q 3 + r 2 1/2 1/3 s 2 = r -q 3 + r 2 1/2 1/3 .
For a given value of y only real solutions between 0 and 1 are considered within the three roots of the inverted cubic function:

x 1 = (s 1 + s 2 ) -a 2 /3 x 2 = -0.5 • (s 1 + s 2 ) -a 2 /3 + 0.5 • i(s 1 + s 2 ) 1/3 x 3 = -0.5 • (s 1 + s 2 ) -a 2 /3 -0.5 • i(s 1 + s 2 ) 1/3 .
The resolution of the inverted Eq.(8.12) leads to an α, β chart like the one represented in Fig. 8 

Fractal dimension with anisotropic elementary particles

The morphological aggregation model has been characterized in terms of d f (α, β, ξ) for isotropic spherical elementary particles. It can also be used to mimic boehmite structure, with aggregates formed by anisotropic platelets [START_REF] Moreaud | Tem image analysis and modelling: Application to boehmite nanoparticles[END_REF]. The fractal dimension is computed with Eq. (5.19) where k f = 1.2. The value of k f only shifts d f (H/L) considering the vertical axis and has no impact on its trend. Since a is proportional to the aggregate mass [START_REF] Gmachowski | Mass-radius relation for fractal aggregates of polydisperse particles[END_REF], a is calculated as the radius of the equivalent volume sphere of the platelet. Fig. 8.7 reports the fractal dimension d f and the gyration radius for different aspect ratios ratios (H/L) of the platelets. For different sets of compactness parameters α and β as the aspect ratio of the particles increases, the gyration radius increases significantly, leading to a slight decrease of fractal dimension. Images of such aggregates are presented in Fig. 8.8.

Summary of chapter 8

The model can build aggregates composed of any number and geometry of elementary objects. The Fig. 8.9 shows the aggregates obtained for different α and β values (in which β = 0.5 • α) and for a number of elementary objects in the range from 10 to 10000. It is possible to observe that for higher values of the compactness parameters more compact structures are obtained, similar to spheres, to which corresponds a fractal dimension close to 3. In addition, the compactness of the aggregates also increases with the number of primary objects. This is due to the type of growth mechanism, which is particle-cluster, indeed at each iteration an elementary particle is added to the aggregate. This naturally leads to more compact structures than a cluster-cluster mechanism [START_REF] Schaefer | Growth and structure of combustion aerosols: Fumed silica: Fumed silica[END_REF]). This certainly constitutes a limit in representing the porous structures of the alumina range, for which it is possible to measure high porosity [START_REF] Kolitcheff | Tortuosity of mesoporous alumina catalyst supports: Influence of the pore network organization[END_REF]. The next essential step is to introduce a multi-scale approach within the model. In practical terms, it will be needed to fix a primary fractal dimension (d f 1 ) and a primary mass (ξ 1 ) distribution in order to build primary aggregates. Afterwards, these aggregates are assembled according to a secondary fractal dimension (d f 2 ) and a secondary mass distribution (ξ 2 ). d f 1 , d f 2 , ξ 1 and ξ 2 are chosen according to the results of a population-balance model.

Chapter 9

Morphological model for dry powders

Multi-scale model with variable fractal dimension

As seen in the previous chapter, the particle-cluster addition of the morphological model limits the range of d f (see Fig. 8.5). To overcome this limitation, the aggregation model can be applied to structures of any geometry, and in particular to structures generated by a first aggregation step. In this way it is possible to obtain agglomerates consisting of a large number of primary objects, with a low fractal dimension (elongated shapes). This procedure mimics a fractal building method procedure, and it is explained with a practical example. Consider the generation of clusters consisting of 5 spheres using a given set of α and β parameters (see Fig. 9.1). These clusters are then processed as primary objects in the following aggregation step, using the same α, β parameters. In Fig. 9.1 five primary aggregates are used to generate new clusters of 25 spheres. Proceeding in this way for a second and a third aggregation step, clusters of 125 and 625 spheres are built with a rather elongated arrangement. The fractal dimension of these clusters can be calculated once the R gyr has been estimated. R gyr is given by the geometric mean of the distances to the centre of mass of all points on the cluster frontier, as shown in Fig. 9.2. The fractal dimension is then calculated as This multi-scale method enables to reach lower fractal dimension at equal number of primary particles, and has been used to build boehmite clusters composed of xi i number of primary aggregates according to a given fractal dimension d f . ξ i and d f must respect the probability density fuction of the population-balance and the relationship d f = f (ξ). 

Numerical characterization of the morphological model

This section shows possible characterisation concerning the morphological model of boehmite agglomerates. For instance, it is possible to simulate nitrogen adsorption or compute tortusity.

-The porosity ε P is the ratio of the pores volume and the overall volume of a solid grain [START_REF] Neimark | Handbook of Heterogeneous Catalysis[END_REF]. It can be computed with the ratio of void (black) voxels to the total number of voxels.

-The tortuosity τ P is generally described as the ratio of the distance of the path available for diffusion between two points on a grain to the straight-line distance between the points [START_REF] Neimark | Handbook of Heterogeneous Catalysis[END_REF]. Therefore the tortuosity depends on pores volume and connection. This measurement can be carried out using a morphological operator called GM-tortuosity and based on a descriptor proposed by [START_REF] Chaniot | Tortuosimetric operator for complex porous media characterization[END_REF]. The method requires the morphology partition [START_REF] Hammoumi | Efficient pore network extraction method based on the distance transform[END_REF], filtering and computing the shortest pathway between points.

-Nitrogen physisorption isoterm depends on pores size distribution and connectivity. The computational method used transforms an evolving system in terms of physical quantities (such as the relative pressure of the gas) into an evolving system in terms of morphological parameters (radius of curvature which can be approximated to the radius of the pores) and is currently under developement within the thesis work of A. Hammoumi. The model uses:

* The Kelvin equation for the conversion of morphological parameters into physical parameters, allowing the simulation of capillary condensation; * The BJH model (Barret-Joyner-Halenda) to describe the process of adsorption and desorption;

* The Harkins-Jura equation to estimate the statistical thickness of the adsorbed gas multi-layer.

The morphological operations used are dilation (for layer formation/desorption), closing (for abrupt filling of pores) and percolation (pore blocking effect).

Nitrogen isoterm of dried boehmite powders

Adsorption is the increase in concentration or density of one or more gaseous compounds near a gas-solid interface. The adsorption phenomenon depends on the size and shape of the pores, which are generally classified within three categories:

• micropores (diameter < 2nm)

• mesopores (diameter = 2-50 nm)

• macropores (diameter > 50 nm)

Adsorption is often associated with the phenomenon of hysteresis, which occurs when the amount adsorbed gas is not at the same level if the pressure is either increasing or decreasing. The amount of adsorbed gas per unit mass n of the adsorbent depends on the equilibrium pressure p, the temperature T and the nature of the gas-solid interface. The relation between n and p, is called the adsorption isotherm. n = f (p, T, interf ace) (9.7)

If the gas is below its critical temperature and the temperature is constant, the adsorption isotherm takes the form n = f p p 0 T (9.8) where p 0 is the gas saturation pressute at temperature T . The first step of the analysis of N 2 physisorption is to inspect the shape of the isotherm plot. In Fig. 9.8 a classification of adsorption isotherms and the associated hysteresis phenomenon is reported. The difference between reversible isotherms (I, II, III and VI) and irreversible isotherms (IV and V) is the presence of hysteresis-loops. This phenomenon is generally associated with a large number of slit-shaped nanopores, which block the desorption of gas from larger pores. The lowering of the curvature (point B of isotherm II) is linked to the formation of a muti-layer adsorption. The type IV isotherm is characteristic of meso-porous adsorbents, in which case monolayer-multilayer adsorption on the mesopore walls is followed by capillary condensation. The appearance of the hysteresis loop can be indicative either of a narrow range of uniform meso-pores, or of percolation effects in a complex porous network [START_REF] Sing | Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity[END_REF].

Four boehmite powders have been obtained after drying of 1 g/L suspensions at different pH and ionic strength. The suspensions have stabilized for 24 hours. At the end of this period most of the boehmite have settled. This has been followed by 24 hours drying at 80 • C and grinding in a mortar. Fig. 9.9(a) shows the N 2 physisorption isotherms. The shape of the curves is the same for all samples. The variation in maximum adsorbed volume is too small to be attributed to a true effect of pH and ionic strength.

The pore size distributions obtained from the adsorption (Fig. 9.9(b)) and desorption (Fig. 9.9(c)) curves are superposed. This means that the samples have the same distribution of mesopores and the same type of connectivity. This result can be explained in several ways:

1. It is possible that although the growth of the agglomerates is affected by pH and ionic strength, at equilibrium the structure of the boehmite agglomerates is the same, so the same type of porous network is generated;

2. The meso-pores do not depend on the size and structure of the agglomerates but only on the aggregates;

3. The drying process could have a much more important impact on the textural properties than pH and ionic strength.

Concerning point 1, a prospect for future work could be to develop an experimental protocol to rapidly separate boehmite from liquid, so that the growth of agglomerates can be "stopped" at a fixed time. To answer point 2, it would be necessary to characterise the dry powders by mercury porisimetry, which enables to measure the pores size up to few µm. Point 3. could be further investigated by applying the method developed in this work to characterise the structural parameters of a morphological model in terms of the physical drying parameters. 

Discussion

Numerical characterisation could not be conducted because the precision of the model is only 35 nm/pixel. All pores below this size are not visible. The numerical physisorption curve would not be exploitable. In order to increase the precision, the DLS data have been fit with the populationbalance considering as elementary particle a SAXS aggregate of R gyr = 15 nm and d f = 2.35. Simulating 1 h of agglomeration at 1 g/L at PZC, a distribution similar to the one in Fig. 9.4(a) is obtained. The morphological model has been used to generate agglomerates of SAXS aggregates. Since the precision is higher, much more voluminous structures are obtained. A comparison of the clusters at two different accuracy values is shown in Fig. 9.10. For reasons of time and computational effort, it has not been possible to generate a morphological solid by assembling the aggregate clusters. However, this remains a perspective for future work. 

Conclusion and perspectives

167 With this study, a strategy has been developed for a 3D reconstruction of the morphology of a boehmite grain after agglomeration in a colloidal suspension. The promising results encourage the pursuit of the method for the construction of a complete model of the unitary operation of peptization and kneading, including also the effect of the shear rate and the rheological aspects of the boehmite paste. The strategy involved several experimental characterisation techniques (DLS, SAXS, Laser Diffraction and STEM) and several numerical modelling approaches (Brownian dynamics, populationbalance and morphological model). The most significant challenge concerns a reasoned comparison between the results of the different techniques. In fact, each analysis technique requires different operating conditions (in terms of concentration and agitation), and the measuring principle is different. For this reason, the experimental results of DLS, SAXS, LD and STEM can only be compared in terms of trend according to certain operating conditions. Another challenge that has been overcome is that of describing a system that evolves as a function of physical-chemical parameters (pH, ionic strength and concentration) as a function of structural parameters (size distribution, fractal dimension and order of assembly). This type of reasoning is necessary to parameterise a morphological model, which does not describe the physics of agglomeration. The bridge between the experimental results and such a model is made by adjustment of the population-balance via a fit procedure with experimental data. The use of Brownian dynamics to fill experimental gaps allows to adjust the population-balance also for fast agglomeration kinetics, and to feed it with theoretical relations, such as the relationship between fractal dimension d f and gyration radius R gyr . This relation allows to depict the experimental results of DLS and suggests that the boehmite may have a pseudo-fractal nature. It has been shown that the population-balance model can also be used to reflect the results of SAXS and Laser Diffraction, after appropriate cut of the size distribution and correct weighting of the mean radius and by taking into account shear-induced agglomeration. This means that one model can represent the results of several analysis techniques. In the future, this model may be the key to compare experimental results from different operating and characterisation conditions. This work has made it possible to highlight many prospects for improvement.

For instance, it would be useful to characterise boehmite suspensions in Brownian motion with DLS via a suitable equipment and measure the size distribution for highly polydisperse and dynamic systems. This would require an increase in the knowledge of boehmite scattering, to find a way to decrease the acquisition time and reduce the noise-to-signal ratio.

It would also be interesting to test acid/base couples different than those used in this study (HNO 3 /NH 3 ). In fact, the main issues have been encountered in finding intermediate conditions between a stable suspension at pH ∼ 3-7, and an unstable suspension at pH ∼ PZC due to the strong sensitivity of the pH to the ammonia concentration between pH 7 and PZC. The experiments realised for pH > PZC, revealed a more unstable behaviour than predicted by theory. This may be due to the transit of pH by PZC. In order to verify the symmetry with respect to PZC, an alternative acid/base system may allow the same dispersion at acidic pH pH a and basic pH pH b such that the absolute value of the zeta potential is the same |ζ(pH b )| = |ζ(pH a )|.

In the present work, the effect of pH was not significant in terms of structural parameters but, with the purpose to develop a new high-performance catalyst, neutralisation at different pH could have a significant effect on surface functionalisation [START_REF] Catita | Mathematical modeling and magnetic resonance imaging experimental study of the impregnation step: A new tool to optimize the preparation of heterogeneous catalysts[END_REF].

The method developed in this work could be applied to boehmite powders other than Pural SB3, to study the effect of geometry and different surface charge on agglomerate growth and structure. The type of surface charge could result in a different zeta vs pH plot and allow the behaviour of the suspension to change (from stable to non-stable and vice versa) for the same pH range.

It would be also useful to develop a method to characterise boehmite suspensions in Brownian motion via SAXS. Such experiments could be combined with Ultra-small angle X-ray scattering (USAXS) measurements, to measure the fractal dimension within the same radius range measurable with DLS. A natural prospect on this side would be the coupling with STEM image processing results to compare mass fractal dimension. This could reveal that the fractal dimension may need to be combined with other parameters (such as minimum and maximum diameter) to unambiguously describe the structure of an agglomerate.

There are prospects of improvement also in numerical approaches. The Lagrangian model could be modified to establish a theoretical basis for the differentiation between aggregation and agglomeration. The model could usefully consider primary particles with a platelet geometry and heterogeneous charge distribution on the surface, so as to mimic boehmite elementary platelets. Such a model could be used to simulate the aggregation of the elementary crystallites. The aggregates formed in this way could be used to parameterize the primary particles in a second Lagrangian model of agglomeration.

Regarding the population-balance in Brownian motion, it has been shown that the DLS characterisation protocol can be used to measure the evolution of the mean radius also during peptization. The results of these analyses may be helpful in adjusting a new Brownian chemical breakage kernel. This parameter, combined with the agglomeration parameter, can lead to a more complete model of colloidal network evolution in Brownian conditions.

Regarding the morphological model of dry boehmite powder grain, The use of a multi-scale approach to the model makes it possible to achieve low fractal dimensions with a large number of elementary particles. However, the computation times are high and it is difficult to simulate very large volumes with high resolution. Our simulations restricted to a resolution of 35 nm/pixel presented at the very end of this manuscript are not sufficient to study porosity at the nanometre or ten-nanometre scale. It would be interesting to work on a degraded model, approximating a complex shaped object by an equivalent sphere, to be able to use the fast simulation model based on spheres. Furthermore, the drying process causes important changes to the morphology formed in the liquid phase. To answer this last question we need to increase the skills and knowledge of the drying process and develop a method similar to that described in this manuscript, to transform the physical parameters of a unitary operation into morphological ones.

Boehmite agglomeration phenomenon is extremely chaotic and involves assembly at multiple size scales (from a few tens of nanometers to several microns). For this reason, the use of multitechnique characterizations highlights structural properties at different scales. Indeed, each technique reveals a certain behaviours but hides other aspects. For instance, DLS used in this work made it possible to determine the evolution of an average radius over time, but did not allow, unlike STEM, the measurement of size distribution. STEM image processing made it possible to measure a fractal dimension, but not to measure its evolution during agglomeration like SAXS. The same applies to the use of different modelling approaches. Brownian dynamics allows for an in-depth description of an agglomerating system according to theoretical models. This gives access to the evolution of an average fractal dimension and average radius over time. It allows to derive theoretical relations between these two quantities. The limitation of the maximum number of particles, however, prevents the use of Brownian dynamics to describe realistically large colloidal systems. This is done by the population-balance, whose parameters must be adjusted by comparison with experimental results. The necessity of using population-balance to parameterize a morphological model arises from the fact that a 3D structure has to be simulated in order to calculate textural properties. The accomplishment of the method proposed in this work suggests that only a reasoned comparison of different analyses results and models offers a broader view of the formation of a porous boehmite network. avoir des propri ét és m écaniques et thermiques ad équates, et favoriser un transfert de masse et de chaleur appropri é. Ces propri ét és d épendent de la texture du support, qui est le r ésultat du proc éd é de fabrication. Cette th èse se concentre sur l'op ération unitaire de peptisation et malaxage, qui implique la dispersion d'une poudre de boehmite dans une solution acide. Une base est ensuite ajout ée pour induire l'agglom ération des particules de boehmite dispers ées. Ce proc éd é, r éalis é sous agitation, permet de contr ôler la taille et la structure des agglom érats d'alumine qui constitueront le support solide du catalyseur. Ce travail vise à mod éliser la structure solide de l'alumine en fonction des param ètres physico-chimiques qui dirigent l'agglom ération colloïdale, en absence des forces hydrodynamiques. Afin d' étudier l'impact du pH, de la force ionique et de la concentration sur la cin étique de coagulation, trois techniques exp érimentales sont utilis ées : la diffusion dynamique de la lumi ère (DLS), la diffusion des rayons X aux petits angles (SAXS) et la microscopie électronique à transmission (STEM). Les r ésultats exp érimentaux sont interpr ét és à travers l' équation du bilan de population, aliment ée par un mod èle de dynamique Brownienne. Les r ésultats du bilan de population sont ensuite utilis és pour param étrer un mod èle morphologique d'agglom ération, afin de simuler de grands volumes de la structure poreuse du solide d'alumine. Le mod èle morphologique fait partie des nouvelles contributions de cette th èse, et permet de calculer les propri ét és texturales d'un grain de boehmite.

Title: Identification and study of relevant descriptors of the solid during the synthesis of boehmite Keywords: Colloidal agglomeration, Fractal dimension, Catalyst carrier Abstract: An alumina catalyst carrier must have adequate mechanical and thermal properties, and promote an appropriate mass and heat transfer. These properties depend on the carrier texture, which is the result of its manufacturing process. Our study focuses on the peptization and kneading process, which involves the dispersion of boehmite powder in an acid solution. A base is then added to induce the agglomeration of dispersed boehmite particles. This process, performed under mixing, enables to tune the size and structure of the boehmite agglomerates that will build the solid catalyst carrier. This work aims at modeling the alumina solid structure depending on the physical-chemical parameters that drive the colloidal agglomeration when no hydrodynamic forces are present. In order to study the impact of pH, ionic strength and concentration on the coagulation kinetics, three experimental techniques are used: Dynamic Light Scattering (DLS), Small Angle X-Ray Scattering (SAXS) and Scanning Transmission Electron Microscopy (STEM). The results of the experimental data are interpreted in terms of the population-balance equation, where the size-structure relationship is given by a Brownian dynamics model. The results of the population-balance model are then used as inputs for a morphological agglomeration model, to simulate large volumes of the porous structure of the real alumina solid. Such a model is one of the new contributions of this work, and enables to compute textural properties of a boehmite grain.
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  .1. As each unitary operation corresponds to a different physical mechanism, the different steps have to be modelled separately (the manufacturing Step 1, Step 2 and Step 3 are modelled separately by means of the Model of Step 1, Model of Step 2 and Model of Step 3).

  Figure 1.2: Scheme of the strategy of the PhD thesis.
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 21 Figure 2.1: Scheme of the fundamental unit operations in the supported catalyst manufacturing
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 22 Figure 2.2: Boehmite dispersing process[START_REF] Schimanski | Production of dispersible aluminas and their use in different applications[END_REF] 
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 2 Figure 2.3: crystallographic boehmite structure (Lock et al., 2010), the elementay crystalline cell is represente in yellow.

Fig. 2 .

 2 Fig.2.4 shows microscope images of two different morphologies. The morphology of the boehmite

  Figure 2.5: Microscopy-images of aggregates and of the agglomerates of boehmite.
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 27 Figure 2.6: Basic models of kinetic growth with clusters and corresponding fractal dimension simulated by P. Meakin (Schaefer D.W., 1990).
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 28 Figure 2.8: Illustration of the charge and discharge of the particle surface in terms of zeta potential and pH.

  Figure 2.9: Osmotic pressure through a semi-permeable membrane.
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  Figure 2.10: Scheme of the overlap of two double layers of two spherical surfaces (Hiemenz & Rajagopalan, 1986)
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  Figure 2.11: Variables and configurations for total interaction potential curves from (Hiemenz & Rajagopalan, 1986)
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 2 Figure 2.12: Illustrations of the morphological operations of erosion (B) and dilation (C) on an image (A). The structuring element considered is a 3 x 3 square of points of the grid. (E. Decenci ère, free access in the item Morphologie Math ématique, Wikipedia).
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 2 Figure 2.13: Illustration of a multi-scale Boolean model construction (Moreaud et al., 2018).
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 2 Figure 2.14: Non overlapping discs built with the dead leaves model. From Jeulin (2012b)
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 2 Figure 2.15: Realisations of the model presented in Altendorf & Jeulin (2011) with varying input parameters for the fiber aspect ratio, the amount of objects and the main orientation distribution.
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 31 Figure 3.1: Scheme of different size scales on a population size distribution.

  Figure 3.2: Illustration of the PhD strategy.
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 41 Figure 4.1: Illustration of the relative thickness of the Debye layer and of the particle for H ückel and Smoluchowski approximations (Jim énez-Calvo, 2019).
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 42 Figure 4.2: Experimental protocol for the ζ-potential measurement.

  Figure 4.3: Illustration of the principal components of a Dynamic Light Scattering equipment.
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 44 Figure 4.4: Common intensity fluctuations for small and large particles taken by (Malvern Instruments Ltd, 2001).

  Figure 4.5: Illustration of the correlation curve according to the average diameter and polydispersity of the size distribution.

Figure 4 . 6 :

 46 Figure 4.6: Scheme of the experimental protocol used for DLS analysis.
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 47 Figure 4.7: Scheme of the light scattering from a sample (Li, 2015).
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 48 Figure 4.8: SAXS curves with thre three regions (Porod, Kratky and Guinier) (Anitas, 2020).

Figure 4 . 9 :

 49 Figure 4.9: On the left, stirred reactor (in black) and agitator (in blue) used during SAXS analysis. The lengths are reported in mm. On the right, experimental set-up for the SAXS in situ characterisation at the SOLEIL synchrotron.

Figure 4 .

 4 Figure 4.10: Illustration of the equipment for Laser Diffraction analysis. (Modified from Sympathec GmbH website).

Figure 4 .

 4 Figure 4.11: Micrographies of a grain of unpeptized boehmite obtained with STEM and TLD detector.

Figure 4 .

 4 Figure 4.12: Protocol of sample preparation for the STEM analysis.

Figure 4 . 13 :

 413 Figure 4.13: Illustration of the size limits associated to the analysis techniques concerning the average diameter.

Figure 5 . 1 :

 51 Figure 5.1: Illustration of DLVO total interaction potential U tot = U V dW + U el for a= 40 nm, ζ = 30 mV and ionic strength of 0.005M.

Figure 5 . 2 :

 52 Figure 5.2: Illustration of the Box-M üller algorithm after 13308 random number drawings.

Figure 5 . 3 :

 53 Figure 5.3: Evolution of trajectories and of the radius of the diffusive particle system between 80 and 400 ms.

Figure 5 . 4 :Figure 5 . 5 :

 5455 Figure 5.4: Trajectories of two particles in brownian motion.

Figure 5 . 6 :

 56 Figure 5.6: Illustration of the steps 1 and 2 of the algorithm for the generation of the initial random positions of the spheres.

  (a) Cube of 1900 nm side, 257 particles. (b) Cube of 3800 nm side, 2048 particles.

Figure 5 . 7 :

 57 Figure 5.7: Examples of initial positions for the Brownian dynamics model obtained with a Random Sequential Addition model for a volume fraction of 1 %.

Figure 5 . 8 :

 58 Figure 5.8: Overlapping of two spheres with equal radius a.

Figure 6 . 1 :

 61 Figure 6.1: Transmission Electron Microscopy image of boehmite powder grain by Fauchadour (2000).

Figure 6 . 2 :

 62 Figure 6.2: Scheme of the platelets geometry, a rectangular beam, and a sphere with the same gyration radius R gyr .The powder consists of grains of size ranging from one to a few hundreds of microns, as measured by Laser Diffraction when dispersing 4 g/L of Pural SB3 in deionised water. Fig.6.3 shows the volume and number distribution.

  Figure 6.3: Volume and number size distributions of Pural SB3, measured via Laser Diffraction for 4 g/L of powder dispersed in water.

Table 6. 2 :

 2 Boehmite powder and acid concentration ranges used for the preparation of the initial suspension used for DLS ans SAXS in-situ experiments. Pural SB3) 0.0015 -0.003 (Pural SB3)An acid concentration of 0.0015 M enables to disperse a suspension of Pural SB3 if the boehmite concentration remains below 1 g/L. For higher concentration of Pural SB3, and for a less dispersible powder (THD), a higher amount of acid has been used. The acid quantity must lead to a pH 3. Fig.6.4 presents a STEM image of an initial well dispersed suspension of Pural SB3 at 0.02 g/L.

Figure 6 . 4 :

 64 Figure 6.4: STEM image of the initial suspension t 0 .

  Fig.6.6 shows the diameter distributions of the suspension t 0 characterised with several techniques: DLS, LD and STEM. The distributions of DLS and LD derive from Mie theory. The small peak in the LD volume distribution is due to the few large non-peptized boehmite grains, whose contribution is negligible in the number distribution. STEM images have been processed to compute a size histogram and a lognormal size distribution. Details on the calculation of the histogram and the lognormal function are in Appendix A.

Figure 6 . 5 :

 65 Figure 6.5: On the left, example of large non-peptized grain in a suspension of 0.02g/L of Pural SB3 and 0.0015 M HNO 3 . On the right, partially-gelified suspension due to a too high amount of acid, image of a suspesnion at 0.02 g/L of Pural SB3 and 0.0375M HNO 3 .

Figure 6 .

 6 Figure 6.6: a) Size distribution of the initial t 0 measures with DLS, LD b) and c) from STEM image processing. The distributions are weighted with respect to scattered intensity (blue), volume (green) and number (red). The concentration fo Pural SB3 had to meet the optimal operating conditions of the analysis techniques. Therefore a suspension at 1 g/L has been used for DLS and LD, and a concentration of 0.02 g/L has been used for STEM.

Figure 6 . 7 :

 67 Figure 6.7: Experimental and simulated scattered intensity for an initial suspension t 0 at 1 g/L of Pural SB3 and 0.0015 M of HN O 3 . I exp is the experimental scattered intensity for different q (scattering vector), I tot Beaucage is the scattered intensity simulated via beaucage model which is given by the sum of I aggl Beaucage , I aggr Beaucage and I crys Beaucage . These latter represent the simulated scattered intensity of agglomerates, aggregates and crystallites respectively.

Fig. 6

 6 Fig.6.8 gives an example of crystallite, aggregte and agglomerate built with the morphological model (see chapter 8).

  Figure 6.8: Illustration of crystallite, aggregate and agglomerate built with the morphological model.

Figure 6 . 9 :

 69 Figure 6.9: On the left, titration curve. On the right, Zeta potential vs pH curve for the initial suspensions t 0 at 0.04, 0.1 and 1 g/L and 0.0015 M HNO 3 .

  Figure 6.10: Results of DLS in-situ in terms of correlation curves (on the left) and in terms of average intensity diameter Z-ave ± P dIW idth represented by bullets and bars (on the right).

  Figure 6.11: Results of four experiments in situ DLS in terms of average intensity diameter Z-ave for a suspension of 0.04 g/L of Pural SB3 at PZC (pH ∼ 9.5).

  SAXS curves in intermediate and low q domain, aggregates and agglomerates. SAXS curves in low q domain,agglomerates.

Figure 6 .

 6 Figure 6.12: SAXS curves for the first 30 min of coagulation experiment at 5 g/L of Pural SB3, 0.003 M of HNO 3 , 0M NaCl and for a final pH 10. In (a) the curves for intermediate and low q domain are reported, in b) only the part referring the agglomerates is reported.In Fig.6.13 the Beaucage results relating to agglomerates (gyration radius R aggl gyr , fractal dimension d aggl f ) are represented.

  Figure 6.14: Results of Beaucage fit for an experiment at 5 g/L and at pH 10. (a) presents the aggregates gytation radius, (b) presents the aggregates fractal dimension.

Figure 6

 6 Figure 6.15: SAXS curves for the first 30 min of two identical in-situ coagulation experiments at 0.2 g/L of Pural SB3, 0.0015 M HNO 3 , 0M NaCl and near PZC. (a) and (b) refer to the first and to the second experiment respectively. We report only the part of the curve that depends on agglomerates.

Figure 6 Figure 6

 66 Figure 6.16: Results of Beaucage fit for two experiments at 0.2 g/L and et PZC. a), b) and c) represent the agglomerate gytation radius, fractal dimension and degree of agglomeration during the 30 min that follow the ammonia injection. d), e) and f) represent the same parameters during the first 60 s after ammonia injection.

  Figure 6.18: (a) Evolution of the average population diameter weighted with respect to volume and (b) evolution of the volume size distribution from the initial suspension (blue) up to 30 min (red).

Figure 7 Figure 7 . 2 :

 772 Figure 7.1: STEM images of the suspensions A, A' and B.

Figure 7 . 3 :

 73 Figure 7.3: Experimental image (on the left) and its binary version (on the right).

Figure 7 .

 7 Figure 7.4: Log-log plot used to compute the two-dimensional fractal dimension (Yang et al., 2018).

Figure 7 . 5 :

 75 Figure 7.5: Illustration of three-dimensional clusters and their projections for α = β = 0.1 and N = 20, 40, 160. α and β are the compactness parameters of the morphological aggregation model, more details are given in chapter 8.

Figure 7 .

 7 Figure 7.6: d f vs d 2D f relationship described in Eq.(7.2) on the left, and its validity in terms of surface area A on the right.

  (a) STEM image of A0. (b) log(P) vs log(A) plot of A0, d 2D f STEM image of A3. (h) log(P) vs log(A) plot of A3, d 2D f = 1.39.

Figure 7 . 7 :

 77 Figure 7.7: STEM images and log(P 2 ) vs log(A) plots of boehmite suspensions for varying acid content.

Figure 7 . 8 :

 78 Figure 7.8: Results of the Brownian dynamics simulation in terms of evolution of average diameter, average fractal dimension and phase diagram.

Figure 7 . 9 :

 79 Figure 7.9: Configuration of the agglomerates system at different time instants, simulated with Brownian dynamics model.

Figure 7 .

 7 Figure 7.10: Illustration of the phase diagram and of the parameters of the Eq.(7.4).

Fig. 7 .

 7 Fig.7.11(a) shows the comparison between the evolution of the average diameter as a function of time between the Lagrangian Brownian-DLVO model and the population-balance.Fig.9.3(b) shows the results in terms of cluster mass distribution at the time 0.278 ms. The two models are in fair agreement for W = 1.7. This value is close to 1 when the pH of the suspension is close to the Point of Zero Charge (PZC), and it is highly sensitive to small varitions of pH. It increases rapidly as it is shown in Fig.7.12. The population balance confirms the presence of two kinetic regimes and it respects the time scale of the coagulation simulated via Brownian dynamics. The error between 0 and 0.05 s can be explained by the fact that the Lagrangian simulation accounts only for 2048 particles. Consequently the Brownian dynamics is less statistically representative of a real colloidal system. Therefore a Fuchs coefficient equal to 1.7 is still in the order of magnitude estimated for these conditions. It is experimentally challenging to measure a Fuchs stability ratio and small variations are tolerable if W remains within the right order of magnitude.

  Evolution of average diameter for Brownian dynamics and population balance.

  Mass distribution of Brownian dynamics and population balance model after 0.278 ms.

Figure 7 .Figure 7 .

 77 Figure 7.11: Comparison between the Lagrangian simulation and the population balance in terms of average diameter evolution and final mass distribution.

  Evolution of average hydrodynamic intensity radius, measured with DLS on a Pural SB3 suspension of 0.04 g/L and different pH.

  Results on log-log plot.

Figure 7 .

 7 Figure 7.13: DLS results for an initial suspension of 0.04 g/L of Pural SB3 at 0.04 g/L.

  Zeta-pH curve with operating conditions used in the experiments. Theoretical and experimental Fuchs stability ratio.

Figure 7 .

 7 Figure 7.14: Zeta potential of the DLS experiments and corresponding theoretical and experimental Fuchs coefficient.

Figure 7 .

 7 Figure 7.15: SAXS curves for the initial dispersed suspension (in grey) and for the agglomerated system after 30 min at different pH and for two Pural SB3 concentrations.

Fig.

  Fig.7.16 and Fig.7.17 show the results of the Beaucage fit of these curves, respectively for 0.2 and for 1 g/L. The degree of agglomeration G 1 /G 2 is proportional to the number of aggregates contained in an agglomerate. The evolution of R aggl gyr is characterised by an initial fast growth, followed by a slower one, similarly to the DLS experimental results. We define these two phases as fast regime and slow regime respectively.

Figure 7 .

 7 Figure 7.16: Results of Beaucage fit for the experiments at 0.2 g/L and different pH. a), c) and e) represent the agglomerate gyration radius, fractal dimension and degree of agglomeration during the 30 min that follow the ammonia injection. b), d) and f) represent the same parameters but during the first 60 s after ammonia injection.

Figure 7 .

 7 Figure 7.17: Results of Beaucage fit for the experiments at 1 g/L and different pH. a), c) and e) represent the 30 min that follow the ammonia injection. b), d) and f) represent the first 60 s after ammonia injection.

  Phase diagram for the 1 g/L experiment.
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 77 Figure 7.18: Phase diagrams for experiments for a) 0.2 g/L, b) 1 g/L, and c) 5 g/L and at different pH.

  Pural SB3 0.02 g/L, pH 4.

Figure 7 .

 7 Figure 7.19: STEM images and radius histogram obteined from image processing of boehmite suspensions for three pH values.

Figure 7 .

 7 Figure 7.20: Fractal dimension computed with STEM image processing (circles) and measured at the end of SAXS experiment at 1 g/L (triangles).

  Evolution of average hydrodynamic intensity radius, measured with DLS on a Pural SB3.

  Results on log-log plot.

Figure 7

 7 Figure 7.21: DLS results for two pH (PZC and pH 11) and three concentrations (0.02, 0.04 and 0.1 g/L) for an initial suspension of Pural SB3.

Figure 7 .

 7 Figure 7.22: SAXS curves for the initial dispersed suspension (dashed lines) and for the agglomerated system, 30 min after ammonia injection for different pH and concentrations.

116CHAPTER 7 .

 7 COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS

Figure 7 .

 7 Figure 7.23: Results of Beaucage fit for the experiments at pH∼8.3 and two different concentrations 0.2 g/L and 1 g/L. a), c) and e) represent the agglomerate gyration radius, fractal dimension and degree of agglomeration during the 30 min that follow the ammonia injection. b), d) and f) represent the same parameters but during the first 60 s after ammonia injection.

Figure 7 .

 7 Figure 7.24: Results of Beaucage fit for the experiments at pH∼PZC and two concentrations 0.2 g/L and 1 g/L. a), c) and e) represent the agglomerate gyration radius, fractal dimension and degree of agglomeration during the 30 min that follow the ammonia injection. b), d) and f) represent the same parameters during the first s after ammonia injection.

  Degree of agglomeration during 60 s.

Figure 7 .

 7 Figure 7.25: Results of Beaucage fit for the experiments at pH∼10.5 and two different concentrations 0.2 g/L and 1 g/L. a), c) and e) represent the agglomerate gyration radius, fractal dimension and degree of agglomeration during the 30 min that follow the ammonia injection. b), d) and f) represent the same parameters but during the first 60 s after ammonia injection.

  Degree of agglomeration during 60 s.

Figure 7 .

 7 Figure 7.26: Results of Beaucage fit for the experiments at pH∼10.8 and concentrations 0.2 g/L and 1 g/L. In a), c) and e): agglomerate gyration radius, fractal dimension and degree of agglomeration during the 30 min that follow the ammonia injection. In b), d) and f): same parameters during the first 60 s after ammonia injection.
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 7 COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS Phase diagram for the experiments with pH ∼ PZC. /L, pH 10.58 1 g/L, pH 10.60 5 g/L, pH 10.38 (c) Phase diagram for the experiments with pH ∼ 10.5. Phase diagram for the experiments with pH ∼ 10.8.

Figure 7 .

 7 Figure 7.27: Phase diagrams for experiments at a) pH∼8.3, at b) pH∼PZC, at c) pH∼10.5 and at d) pH∼10.8 and at different concentrations.
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 7 Evolution of average hydrodynamic intensity radius, measured with DLS on a Pural SB3 suspension.

  Results on log-log plot.

Figure 7 .

 7 Figure 7.28: DLS results for two pH (PZC and pH 11) and two ionic strength (0 and 0.01M) for an initial suspension of 0.04g/L of Pural SB3.

Figure 7 .

 7 Figure 7.29: SAXS curves for the initial dispersed suspension (dashed line) and for the agglomerated system after 22 min (blue line) and after 24 hours (red line).
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 7 COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS Degree of agglomeration during 60 s.

Figure 7 .

 7 Figure 7.30: Results of Beaucage fit for the experiments at 0.2 g/L and for a ionic strenght of 0.1 M. a), c) and e) represent the agglomerate gyration radius, fractal dimension and degree of agglomeration during the 40 min that follow the NaCl injection. b), d) and f) represent the same parameters during the first 60 s after NaCl injection. The red line indicates the values after 24 h.

Figure 7 .

 7 Figure 7.31: Results of Beaucage fit for the experiments at ionic strength at pH 8 and different ionic strength 0 and 0.1 M. a), c) and e) represent the agglomerate gyration radius, fractal dimension and degree of agglomeration during the 40 min that follow the NaCl injection. b), d) and f) represent the same parameters during the first s after NaCl and ammonia injection.

Figure 7 .

 7 Figure 7.32: Phase diagrams for experiments at several ionic strengths and with the same quantity of ammonia injcted a) 1 mM (pH ∼ 8), at b) 6 mM (pH ∼ PZC), and c) 100 mM (pH ∼ 10.5).

Figure 7 .

 7 Figure 7.33: Example of result from population balance for a concentration of 200 ppm (1g/L), a stability ratio W = 10, fractal dimension d f = 2.5 and shear rate γ = 0.01 1/s. In red and in green are represented the maximum radius measurable with SAXS and DLS analysis respectively.

  pH = 9.7, IS = 0.01 M, 8 ppm (0.04 g/L).

  pH = 11, IS = 0.01 M, 8 ppm (0.04 g/L).

Figure 7 .

 7 Figure 7.36: Fit of the DLS data with the population-balance model considering data of the experiments at 0.04 g/L (8 ppm) and with ionic strength of 0.01 M.

  pH = 10, 20 ppm (0.1 g/L).

Figure 7 .

 7 Figure 7.37: Fit of the DLS data with the population-balance model considering data of the experiments at 0.1 g/L (20 ppm) and several pH.
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 7 COMPARISON BETWEEN PHYSICAL MODELS AND EXPERIMENTAL RESULTS pH = 11, 20 ppm (0.1 g/L).

Figure 7 .

 7 Figure 7.38: Fit of the DLS data with the population-balance model. Data at different concentrations and pH for which a high Fuchs coefficient is expected (point 3).

Figure 7 .

 7 Figure 7.39: Comparison between the result of the population balance model and DLS results for suspensions at 1 g/L. The model parameters have been adjusted within the ranges of Tab.7.9.

Fig. 7 .

 7 40(c) and Fig.7.40(d) report the d f,min and the d f,max plateaus values of the d f (R gyr ) relationship that enable the fit of DLS data. d f,min and d f,max are confined within a range 1.6 -1.8 and 2.7 -2.8 respectively.

  Highest d f of the phase plot.

Figure 7 .

 7 Figure 7.40: Parameters of the population-balance model that fit the DLS experimental data.

Figure 7 .

 7 Figure 7.41: Probability density function and d f (ξ) function obtained from a population-balance simulation. The operating conditions are pH = 9.6 and 1g/L, the time simulated is of one hour.

Figure 7 .

 7 Figure 7.42: Comparison between the result of the population balace model and LD results for an initially well dipersed suspension at 1 g/L which is brought to PZC. The model parameters d f,1 , d f,2 , R cut have been adjusted within the ranges of Tab.7.9, W has been fixed to 1. The free parameters are γ and c 1 .

Figure 7 .

 7 Figure 7.43: Comparison between the result of the population balace model and SAXS results for an initially well dipersed suspension at 1 g/L which is brought to PZC. The model parameters d f,1 , d f,2 , R cut have been adjusted within the ranges of Tab.7.9, W has been fixed to 1 and c 1 has been fixed to 4 • 10 -9 . The free parameters is γ.

  3

Figure 7 .

 7 Figure 7.44: Comparison of the fractal dimension of the agglomerates, for different pH. STEM results are obtained on images at X1500 magnification, SAXS results are reported for a suspension at 1 g/L 3s and 30 min after ammonia injection. The results from the population-balance (PBE) fit concers the minimum (d f,min ) and maximum (d f,max ) fractal dimension. d DLCA f
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 7 Figure 7.45: Phase plots from population-balance corresponding to the following operating conditions: (a) PZC and several concentrations; (b) 0.04 g/L and several pH; (c) PZC and 0.04 g/L for two ionic strengths; (d) PZC and 1 g/L for shear induced at 1100 rpm (LD experiment) and Brownian conditions.

  Figure 7.46: Gyration radius probability density functions from population-balance simulation of 1 hour and corresponding to the following operating conditions: (a) PZC and several concentrations; (b) 0.04 g/L and several pH; (c) PZC and 0.04 g/L for two ionic strengths; (d) PZC and 1 g/L for shear induced (LD experiment at 1100 rpm) and Brownian conditions.

PFigure 8 . 1 :

 81 Figure 8.1: Illustration during the simulation process for a two-dimensional domain. In the right corner, next object P to be implanted. In black, set A of already located objects. In gray, dilated zone δ P (A). In red, set X P of admissible positions for P . In blue and green, sets of concave points X CV P and X M P respectively.

  Fig.8.2 shows realizations of aggregates of rectangular parallelepiped objects modeling alumina nano-platelets derived from[START_REF] Wang | Modelling mesoporous alumina microstructure with 3d random models of platelets[END_REF], by varying the compactness parameters keeping constant the number of simulated objects.

Figure 8 . 2 :

 82 Figure 8.2: Simulation of aggregates of 500 platelets of size 20 × 8 × 3 voxels. Compactness parameters β = 0.05 on the left and β = 0.45 on the right. Parameter α = 2β. Volume size domain is 500 3 voxels. Simulations are performed and rendered using plug im! (plug im!, 2018).

Figure 8 . 3 :

 83 Figure 8.3: Clusters obtained with the fast scheme (β = 0.45, α = 2β). 200000 disks of radius 10 pixels, the image size is 10000 2 pix (left). 50000 spheres of radius 10, the volume size of 1000 3 voxels (right). Simulations performed and rendered with plug im! (plug im!, 2018).

Figure 8 . 7 :

 87 Figure 8.7: Average fractal dimension and gyration radius of 40 aggregates of 20 anisotropic platelets with fixed length L (5 pix) and thickness e (3 pix), varying height H.

Figure 8 . 8 :

 88 Figure 8.8: Aggregates generated using platelets with different shape ratio H/L and different α and β.

Figure 8 . 9 :

 89 Figure 8.9: Aggregates of spheres for different α, β = 0.5 • α.

  Fig.9.3 reports two clusters composed by the same number of primary spheres, the one on the left is generated with the standard version of the morphological model, the second on the right is generated using the multi-scale version of the model. In both cases the same compactness parameters have been used (α = 0.05 and β = 0.01). This multi-scale method enables to reach lower fractal dimension at equal number of primary particles, and has been used to build boehmite clusters composed of xi i number of primary aggregates according to a given fractal dimension d f . ξ i and d f must respect the probability density fuction of the population-balance and the relationship d f = f (ξ).

Figure 9 . 1 :Figure 9 . 2 :

 9192 Figure 9.1: Method for for building multi-scale structures with the morphological model. For all steps α = 0.05 and β = 0.01.

Figure 9 . 4 :Figure 9 . 5 :Figure 9 . 7 :

 949597 Figure 9.4: In (a): probability density function from the population-balance model, used to parametrise the morphological model. In (b) Comparison between the cumulate probability density function and the discretized one. Results of a population-balance simulation at 1g/L and pH = PZC.

Figure 9 . 8 :

 98 Figure 9.8: Classification of different isotherms types and relative hysteresis phenomenon according to Sing et al. (1985).

  Figure 9.9: (a) Experimental N 2 physisorption curve on a dried boehmite powder at 80 • C after agglomeration within a colloidal suspension at 1 g/L, dofferent pH and ionic strength (IS) and relative pores size distribution obtained from the absorption(b) and desorption (c) branches.

  Figure 9.10: Images of the agglomerates with different precisions.
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Table 4 .1: Summary of the techniques for the characterisation of boehmite suspension.

 4 

	Technique and Measurement	Sampling	Size limits	Minimum acquisition time	Hydrodynamic conditions	Concentraiton range [g/L]
		ex-situ				
	EM zeta potential	on 1 ml of liquid	/	/	/	0.1 -1
		suspension				
	DLS	in-situ				
	Size distribution (hydrodynamic	on 1.2 ml of liquid	1 nm -3µm	20 s	Brownian conditions	0.02 -1
	diameter)	suspension				
	LD	in-situ				
	Size distributon (equivalent	on 500 ml of liquid	10 nm -1 mm	10 s	Stirred suspension	1 -5
	sphere diameter)	suspension				
	SAXS					
	Fractal dimension and gyration radius and of aggregates	in-situ suspension on 240 ml of liquid	aggregates: 1 -300 nm 50 nm, agglomerates: 50 -	3 s	Stirred suspension	0.2 ->10
	agglomerates					
	STEM Size and morphology	ex-situ suspension on 10 µL of dried	10 nm -1 mm	/	/	0.02

Table 6 .1: XRD lattice parameters and gyration radius of crystallites of Pural SB3.

 6 

	Boehmite type L 1 [nm] L 2 [nm] e [nm] R crys gyr [nm]
	Pural SB3	5.2	8.1	2.4	2.8

Table 6 .3: Average diameter in nm of t 0 weighted with respect to intensity, volume and number according to different characterisation techniques.

 6 

	````````````T echnique	Weighting intensity volume number
	DLS		78	66	20
	LD		/	85	48
	STEM	/	59	21
	SAXS analysis measures the average gyration radius and fractal dimension of two size classes.

Table 6 .4: Operating conditions of the in situ DLS experiments.

 6 

	Concentration m Al 2 O 3 [g/L] V v,AlOOH [ppm]	pH	Ionic Strength Acquisition [M NaCl] time [s]
	0.04	8	4	0	300
	0.04	8	7.4	0	20
	0.04	8	8.8	0	20
	0.04	8	9.3	0	20
	0.04	8	9.7	0	20
	0.04	8	10.5	0	20
	0.04	8	11	0	20
	0.02	4	9.7	0	180
	0.02	4	11	0	180
	0.1	20	9.7	0	180
	0.1	20	11	0	180
	0.04	8	9.7	0.01	180
	0.04	8	11	0.01	180
	1	200	9.6	0	180
	1	200	8.4	0	180

Table 6 .5: Operating conditions of the in situ SAXS experiments.

 6 

	Concentration m Al 2 O 3 [g/L] V v,AlOOH [ppm]	pH	Ionic Strength Acquisition [M NaCl] time [s]
	0.2	40	8.3	0	3
	0.2	40	9.4	0	3
	0.2	40	10.6	0	3
	0.2	40	10.7	0	3
	1	200	3.7	0	3
	1	200	8.2	0	3
	1	200	9.4	0	3
	1	200	10.6	0	3
	1	200	10.9	0	3
	5	1000	10.4	0	3
	0.2	40	3	0.1	3
	0.2	40	8.5	0.1	3
	0.2	40	9.5	0.1	3
	0.2	40	10.7	0.1	3
	Tab.6.6 shows the operating conditions of an experiment of LD. In this case it is necessary to
	maintain the suspension mixed at 1100 rpm. The results are discussed in section 7.4.4.2 within a
	perspective of this work for the fit of the shear parameters.	

Table 6 .6: Operating conditions of the in situ LD experiment.

 6 

	Concentration m Al 2 O 3 [g/L] V v,AlOOH [ppm]	pH	Ionic Strength Acquisition [M NaCl] time [s]
	1	200	9.4	0	3
	Tab.6.7 illustrates the operating parameters for the preparation of the samples before STEM anal-
	ysis.				

Table 6 .7: Sample of STEM analysis.

 6 

	Concentration m Al 2 O 3 [g/L] V v,AlOOH [ppm]	pH	Ionic Strength [M NaCl]
	0.02	4	3	0
	0.02	4	3	0.01
	0.02	4	4	0
	0.02	4	7.5	0
	0.02	4	9.7	0

Table 7 .1: Composition, fractal dimension and average diameter of the boehmite suspension samples.

 7 

	Sample Name HNO 3 [mM] NH 3 [mM] pH d 2D f	d 3D f	D [nm]
	A0	0	0	5.6 1.21 2.91 37
	A1	0.75	0	3.4 1.26 2.83 22
	A2-B0	1.5	0	2.9 1.3	2.76 21
	A3	37.5	0	2.6 1.39 2.57 25
	B1	1.5	1.9	4	1.37 2.62 682
	B2	1.5	2.2	7.5 1.35 2.66 915
	B3	1.5	3.2	9.6 1.22 2.90 1122

Table 7 .2: Inlet parameters of the Brownian dynamics simulation.
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	Particle radius a [nm]	40
	Volumetric fraction of the solid	1
	Length of cube side [nm]	3800
	Minimum inter-particle distance in intial system [nm]	1
	Hamaker constant [J]	3.7059•10 -20
	Ionic strength IS [mol/l]	0.005
	Solid density [kg/m 3 ]	5000
	Surface potential [mV]	1

  ,1 and d f,2 are two fitting parameters that, together with a a determine the value at the two plateaus d min and d max . If a a ≥ 20 then d f,1 d f,min and d f,2 d f,max .
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Table 7 .3: Parameters of the Eq.7.4 for the Brownian dynamics simulation estimated via fitting procedure using Levenberg-Marquardt method.

 7 These parameters has been used to model the d f vs R gyr relationship of the population-balance model. The other inlet parameters are in Tab.7.4. In order to simulate a physical time of 0.27 s the population-balance and the Lagrangian model require respectively 10 s and 3 weeks of computationsl time. This renders the population-balance attractive to model the agglomeration process.

	Parameter Value 95 % confidence bounds
	d f,1	1.527	1.517-1.536
	d f,2	2.481	2.477-2.485
	a a	25.69	24.58-36.79
	R cut	114.7	114.6-114.9

Table 7 .4: Inlet parameters of the population balance model.
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	Parameter	Value
	a [nm]	40
	V % [%]	1
	n p	9.57 • 10 17
	T [ o C]	25
	n class	300
	W (Fuchs)	1.7

Table 7 .5: Average radius weighted with respect to number of agglomerates, computed on STEM size histograms. Result are reported for three pH and considering a magnification of X1500 for the acquisition of STEM images.
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	pH	4	7.5 9.6
	average radius [nm] 341 407 560

Table 7 .6: Increase of the Beaucage fit parameters when the ionic force changes from

 7 Fig.7.32 presents the phase diagrams of the experiments with the same quantity of ammonia injected and for several NaCl content. Right before and after the PZC, the ionic strength increases R aggl gyr for the same d aggl f. At the PZC there are no evident effect due to ionic strength.

	0 to

Table 7 .7: Limits and weighting of the average radius for the in situ techniques.
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	technique	max radius	weighting
	DLS	1.5 µm	diffusion R =	n aggl i=1

Table 7 .10: Inlet parameters of the population-balance model enabling to fit Laser Diffraction and SAXS data at 1 g/l and PZC.
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	Parameter	Value SAXS LD
	cut distribution [nm]	125	10 6
	γ [1/s]	574	540
	d f,1	1.5	1.45
	d f,2	2.75 2.85
	a a	1	0.02
	d f,min	1.83 2.14
	d f,max	2.22 2.67
	primary particle radius a [nm]	35	
	particle concentration V % [%]	0.02
	temperature T [ o C]	20	
	class number n class	300	
	stability Fuchs coefficient W	1	
	R cut [nm]	800	
	c 1	4 • 10 -9

  .6 for ξ = 50. From now, it is possible to use structural information from Brownian Dynamics i.e. fractal dimension d f and mass ξ to constrain the morphological model. The values within this range can be obtained by tuning the compactness of the aggregates with the two compactness parameters α and β. In this way, Brownian dynamics simulations acts as a bridge between physical-chemical parameters and the three cluster model parameters α, β and ξ. At present, the morphological model builds single aggregates, replicating the Brownian Dynamics aggregates successfully. In a short term, we will directly implement the mass distribution and fractal dimension function d f (ξ) within the model, in order to mimic the final arrangement of Brownian Dynamics on a larger volume.
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	Figure 8.6: Example of α and β/α chart for aggregates of 50 elementary spheres.

Ce travail a permis de monter en comp étence et d'identifier les principaux d éfis concernant la formation de la structure solide de la boehmite au sein de suspensions colloïdales. En effet, il s'agit de ph énom ènes qui se produisent de mani ère chaotique et qui impliquent un assemblage à plusieurs échelles (de quelques dizaines de nm à quelques microns). L'un des grands d éfis est d'interfacer les r ésultats de plusieurs techniques de caract érisation diff érentes. Chaque technique de caract érisation fonctionne dans des conditions de diff érentes (en termes de concentration et de principe de mesure). Un autre d éfi est de comparer les r ésultats de diff érentes approches num ériques, et en particulier de d écrire en termes de param ètres structurels un syst ème qui est fonction de param ètres chimiques (pH, force ionique et concentration). La strat égie d évelopp ée au cours de cette th èse a donn é des r ésultats prometteurs. Dans le futur, cette étude sera étendue vers l'inclusion des forces hydrodynamiques, en se rapprochant des conditions r éelles de fonctionnement de peptisation et malaxage. Dans une perspective à plus long terme, le solide num érique r ésultant du mod èle de peptisation et malaxage fournira une entr ée à d'autres mod èles qui d écrivent d'autres op érations unitaires (comme l'extrusion et la calcination). Le mod èle final donnera une description compl ète des propri ét és texturales du support r éel du catalyseur, permettant d' étudier l'impact du processus de synth èse sur la texture, et de simuler la diffusion des r éactifs à travers la matrice poreuse.
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All experimental results can be fit with d f,2 within the same range found in point 1. (Tab.7.8). R cut is slightly affected by the concentration and ionic strength (Fig. 7.40(g)), varying from 500 to 750 when the concentration increases from 4 to 20 ppm, and varying from 550 to 1000 when the ionic strenght passes from 0 to 0.0.1 M at 8 ppm. Parameters a a (Fig. 7.40(f)) and W (Fig. 7.40(e)) vary with pH. Experiment at ionic strength 0.01 M clearly affects W at pH 11 and more weakly at pH PZC. For the experiment at PZC and 0.01 M it was necessary to -if d(x, x c ) ≤ r, then x ∈ A, -if r < d(x, x c ) ≤ 2r and previously x / ∈ A, then x ∈ δ r (A)/A, -if d(x, x c ) = 2r and previously x / ∈ δ r (A), then x ∈ X P , -if d(x, x c ) = 2r and previously x ∈ X P , then x ∈ X CV P .

The center of inertia M is revised with the set A i . The updating of the set X M P is then performed by traversing the points of the set X CV P X M P = x ∈ X CV P | inf d(x, M ).

(8.10)

The storage of the points of each set can be carried out with the help of contiguous arrays allowing to efficiently draw a random position x:

with p a uniform random variable on [0,1] and L the number of elements of the array l X listing the points of a set X.

Accelerated algorithm

Here is detailed the simulation algorithm of a cluster with controlled compactness of identical spheres. X ← x : add point x inside positions table X, X → x: delete point x from positions table X.

Parameters:

ξ : number of spheres; α : compactness parameter (between 0 and 1).

Model calibration

The geometrical model has been applied for different particles numbers ξ and different values of compactness factors α and β. The graphs in Fig. 8.4 show the dependence of the fractal dimension of aggregates considering the compactness parameters, for several numbers of primary spheres ξ. R gyr and d f have been calculated using Eq.(5.21), (5.20) and (5.19). The average d f corresponding to a couple of values for α and β and its relative confidence interval are calculated on 1000 aggregates. The relatively wide confidence intervals observed means that the fractal dimension of the model cannot be precise (especially for a low number of primary particles ξ), but it allows simulations that take into account the intrinsic variations of a real system. The entire range of fractal dimension values reachable with the model is shown in yellow on the graph of Fig. 8.5. For each ξ this range has been defined by the extreme values of the confidence intervals amongst all the ones reachable for any combination of (α, β). 

Modeling boehmite systems: from dispersed to dense environment

The aim is to feed the morphological aggregation model with the results of a population-balance model. This has been done for the operating conditions at 1 g/L and pH = PZC (see Fig. 7.39(a)).

In order to build the morphological model of a dry boemite powder obtained from an agglomerated colloidal suspension, it is assumed that the agglomerates do not undergo any transformation during the drying process, and that the size distribution and the relationship d f (R gyr ) remain the same in the dry powder. The morphology of the dried powder is built using the morphological model with the following steps:

1. Building the primary aggregate in agreement with the population balance model. In our case spheres with radius 35 nm are considered; 2. Building the agglomerates according to ξ and d f (R gyr ) of the population-balance;

3. Assembling the agglomerates according to the size distribution of the population-balance model.

In order to reduce the computation time, our strategy has been put into practice by considering a discretized cumulative distribution (Fig. 9.4(b)). This allows us to generate a limited number of agglomerates.

Seven agglomerates have been generated with a number of primary particles and fractal dimension shown in Tab.9.1, they correspond to the seven red points in Fig. 9.4(a) and in Fig. 9.4(b). The primary particle, a sphere of radius 35 nm, is consitent with the one used for solving the population-balance model. In order to build the agglomerates within the range of ξ predicted by the population balance (probability density distribution in Fig. 9.4(a)) a precision of 35 nm/pixel is considered. Fig. 9.5 reports the 3D morphology of the agglomerates.

The cumulative probability density function Cpdf i associated to the agglomerate of mass is

While the discrete cumulative probability density function DCpdf (ξ D,j ) is

Cpdf (ξ i ) and DCpdf (ξ D,j ) are represented respectively by the blue line and the red dots in Fig. 9.4(b). When using the agglomerates as primary particles to build the final morphological model of the dried powder, both the number of the agglomerates and the order of addition must respect the probability DCpdf (ξ D,j ). For this reason, the choice of the agglomerates to be added at each cycle is made by drawing a random variable a l following a uniform distribution between 0 and 1. The agglomerate j is selected if

This procedure is illustrated in Fig. 9.6.
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Histogram and lognormal size distribution from STEM images

Size distributions histograms are obtained from STEM images [START_REF] Dodds | Caract érisation de la taille des particules. particle size characterization[END_REF]. Several micrographs corresponding to different zones of the sample are acquired. Then, the images have been processed in order to reduce the noise and to obtain binary images. This is accomplished via a morphological TopHat operator [START_REF] Serra | Introduction to morphological filters[END_REF], morphological opening and closing, and a final hole filling. The objects that touch the boarders of the image are not taken into account.

The mean diameter d i of each object i is computed and used to build the histogram.

Given N the total number of objects, The aim is to compute the average diameter weighted in number, surface and volume. We define for each n ∈ N, S n the sum of all the measurements raised to power n and (f i ) n the measurement frequency i as

The histogram of size distribution is obtained by grouping the measurements d i in classes of constant width p. The measurement d i belongs to the class C j if:

The frequence (F j ) n of each class C j is given by the sum of all the frequences (f i ) n of the measurements d i belonging to class C j :

That enables to compute the size histogram weighted with respect to number (F j ) 0 , surface (F j ) 2 or volume (F j ) 3 of the objects. The average weighted size D n is

The average size with respect to number, surface and volume are respectively D 0 , D 2 and D 3 . The results d i , i ∈ {1, ..., N } can be used to determine the parameters of a distribution fucntion. The log-normal distribution is typically used to represent the number distribution of objects formed during coalescence processes [START_REF] Granqvist | Size distributions for supported metal catalysts, coalescence growth versus ostwald ripening[END_REF]. A log-normal distribution with parameters µ ln and σ ln is defined as:

The moments M n of the log-normal distributions are

By changing the variable y = ln(x), Eq.(A.7) becomes

, the Eq.(A.8) becomes

where it si possible to identify the Gauss integral whose result is √ π. Therefore

(A.10)

Given P (x) a size distribution law weighted in number. The distributions weighted in surface P S (x) and in volume P V (x) are a function of P (x)

where M 2 and M 3 are the moments of P (x) of order 2 and 3 respectively.

Appendix B

Computation of experimental Fuchs coefficient

According to [START_REF] Holthoff | Coagulation rate measurements of colloidal particles by simultaneous static and dynamic light scattering[END_REF], the Fuchs stability coefficient can be computed at a time t close to 0 assuming that only dimers have formed at that instant. For dynamic light scattering the dimerisation kinetic constant can be approximated

where

• r h,1 and r h,2 are the hydrodynamic radius of the monomer and dimer repsectively;

• I(q, t) is the scattered intensity at scattering vector q (see section 4.2.2) and at time t;

• a is the radius of the primary particles;

• N 0 is the initial particle number concentration. • from pH 8.8 to pH 10.5

k 11 has been estimated with the following hypotheses:

• Since the concentration is low we assume that the contriubution of the scattered intensity is negligible with respect to the hydrodynamic radius one dI(q,t) dt

• The lowest acquisition time with DLS device is 20 s, we assume that at this time only monomers are present. Therefore we call r h,2 = R(20s).

Tab.B.1 reports the results for the experiments at 0.04 g/L of Pural SB3 

Fractal dimension from STEM images: different size ranges

The aim of this chapter is to verify that the fractal dimension obtained by STEM image processing is the same in the following mean diameter ranges:

1. 50-300 nm: corresponding to the size limit of the agglomerates measured with SAXS;

2. > 300 nm: containing all the agglomerates that cannot be seen with SAXS.

The calculation of d 2D f via the log(perimeter)-log(area) plot has been realised by separating the objects belonging to range 1 and range 2. To this purpose, the choice of the magnification for the microscopy analysis must enable to observe a sufficient number of elements belonging to both size ranges. In Fig. C.1 the STEM images and the corresponding log-log plots are reported. The results for the two size ranges are represented with different colours. It can be seen that all points can be represented by the same line. This means that the fractal dimension 2D is the same (and according to the approach we used in section 7.2, also the mass d f is the same). Appendix D 

Initial suspension with and without NaCl

Appendix E

Compute the boehmite volume fraction

E.1 The Loss on ignition (LOI)

In order to compute the volume fraction of AlOOH, it is important to consider the Loss on Ignition (LOI). This factor is related to the mass quantity of the volatile compounds (mainly water) that are always present in boehmite powders. Assuming that m Al 2 O 3 , the powder mass, and m AlOOHxH 2 O is the mass of hydrated boehmite

and that by definition the LOI is

we can compute the values of x and a from LOI[%].

where M W i is the molar weight of the compound i. Thus, for a given powder mass m Al 2 O 3 we can compute the corresponding boehmite mass in the suspension m AlOOH (see Tab.E.1). 

E.2 The AlOOH volume fraction

In order to compute the volume fraction of AlOOH, it is necessary to know the concentration of any other compound present in the suspension. In the context of this work, the compounds used and their molar mass and density are given in Tab.E.2. If the mass quantities of all compounds (m i ) are known, it is assumed that the volume v i associated with each compound can be calculated as The volume fraction can be calculated as

.

(E.6)

In this work the quantity of acid and base are usually negligible with repect to water. Leading to Appendix F

Towards a Brownian chemical-breakage kernel

Breakage kernels described in the literature for simulating the behaviour of colloidal suspensions are often related to hydrodynamic conditions [START_REF] Patruno | Analysis of breakage kernels for population balance modelling[END_REF]. A chemical breakage kernel that takes into account the effect of acid addition has not yet been defined. Such a kernel can be used to model the peptization of boehmite. In this section we show that the same DLS protocol developed for characterisation of agglomeration kinetics can be applied to the characterisation of peptization. The only difference is the preparation of the initial suspension t 0 .

The initial suspension must be composed by boehmite colloidal particles partially agglomerated in deionised water. Typically, the particle size distribution of boehmite powders can range from a few nanometres to tens of micrometres. However, it is not possible to observe the entire distribution via DLS because all the particles larger than 1 µm are typically sediment and cannot be measured. It is therefore necessary to separate the part of the powder that can remain in Brownian motion. This means that only a small portion of the sample can be studied. The initial suspension has been prepared following these steps:

1. A 4g/L suspension of boehmite has been prepared in deionised water and left under gentle agitation overnight. This procedure allows any weakly cohesive powder grains to disperse.

2. The suspension is then placed in a cylinder for 24 hours. This process separates the large boehmite agglomerates, which sediment, from the smaller boehmite agglomerates and aggregates that remain in the supernatant.

The supernatant represents the initial system for the study of the kinetics of peptization. The disadvantage of this type of preparation is that the concentration of the supernatant is unknown a priori and can only be estimated indirectly.

After preparing the initial suspension, the same procedure as described in section 6.4 has been followed, but nitric acid has been used instead of ammonia. DLS characterisation of the initial suspension reveals an average intensity diameter of between 250 and 400 nm. The operating conditions are reported on the Zeta vs pH curve. The initial pH of the suspension is around 5, which already entails a stable system. When the pH decreases due to acid addition, the Zeta potential slightly increases. The variation of Zeta should not lead to significant system variation. The sudden decrease in mean radius is likely to be due to a chemical reaction between acid and boehmite. The reaction rate seems to depend on the acid concentration. Determining the functional form of such reaction rate is one of the perspectives of this work. The same protocol developed for the study of agglomeration kinetics can be applied to the study of peptization. The type of system evolution will influence the signal-to-noise ratio, considering that: -in the transition from a peptized suspension to an agglomerated suspension, we pass from a mono-disperse to a polydisperse state.

-In the transition from a partially agglomerated suspension to a peptized suspension, one goes from a poly-disperse to a mono-disperse state.

Using DLS it is possible to measure the peptization of a colloidal suspension, made of small agglomerates and aggregates (size ≤ 1 µm). If the initial suspension consisted of larger agglomerates, the latter would sediment. Therefore, in order to characterise the peptization of large boehmite grains, it would be essential to mix the suspension to prevent sedimentation. Therefore it would not be possible to measure via DLS (and to obtain measurements under Brownian conditions).