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Controlling gas transport properties through polymeric membranes remains today an important parameter for different applications including barrier and gas separation applications. The optimization of such properties requires the addition of nano-fillers in the polymer matrix. Their presence is either an obstacle or a preferential path for the diffusing molecules. These systems have been studied in the literature experimentally as well as by modeling, most often considering ideal two-dimensional systems. In this thesis, we seek to develop a 3-dimensional numerical model in order to predict and analyze the barrier and separation properties of multiphase polymer-based systems taking into account various parameters, as well as to evidence the most important factors governing these properties. Gas diffusion in nanocomposites (polymer matrix phase with the dispersion of impermeable fillers) and the influence of fillers structural parameters on the final properties of the system were studied in the first part of this thesis through a numerical approach based on the Finite Element Method. The obtained model is valid for a wide range of fillers volume fraction values as well as aspect ratios, which makes it possible to consider diluted regimes as well as concentrated regimes. Furthermore, relationships between the system structure (presence of interphase layer/ aggregates, filler size polydispersity and spatial distribution) and the desired properties are investigated. As a second step of this work, gas separation properties of different multiphase polymer-based systems are studied. We considered two-and threecomponent systems composed essentially of polymer, ionic liquid and permeable fillers. The specificity of this work consists in the investigation of gas separation properties of such systems experimentally and numerically using the model developed in the first part and considering permeable fillers.
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Résumé

Le contrôle des propriétés de transport du gaz à travers les membranes polymères constitue aujourd'hui un paramètre important pour différentes applications, y compris les propriétés barrière et la séparation des gaz. L'optimisation de telles propriétés nécessite l'ajout de nanocharges dans la matrice polymère. Leur présence constitue soit un obstacle soit un chemin préférentiel pour les molécules diffusantes. Ces systèmes ont été étudiés dans la littérature expérimentalement ainsi que par la modélisation en considérant le plus souvent des systèmes idéaux à deux dimensions. Dans les études menées dans le cadre de cette thèse, nous cherchons à développer un modèle numérique en 3 dimensions afin de prédire et analyser les propriétés de transport des systèmes multiphasés à base de polymères en fonction de divers paramètres ainsi qu'à déterminer les principaux facteurs qui régissent ces propriétés. La diffusion des gaz dans les nanocomposites (matrice polymère avec dispersion de charges imperméables) et l'influence des paramètres structuraux des charges sur les propriétés finales du système ont été étudiées dans la première partie de cette thèse par une approche numérique basée sur la méthode des éléments finis. Le modèle obtenu est valable sur une large gamme de valeurs de fractions volumiques de charges ainsi que des facteurs de forme, ce qui permet de considérer des régimes dilués aussi bien que des régimes concentrés. En outre, les relations entre la structure du système (présence d'interphase/ agrégats, hétérogénéité de la taille des charges et leur distribution spatiale) et les propriétés souhaitées sont élucidées. Dans un deuxième temps, les propriétés de séparation des gaz de différents systèmes multiphasés à base de polymères sont étudiées. Nous avons considéré des systèmes à deux et trois composants constitués d'une phase polymère, de liquide ionique et de charges perméables. La spécificité de ce travail réside dans l'étude des propriétés de séparation des gaz de tels systèmes expérimentalement, mais aussi numériquement en utilisant le modèle développé dans la première partie et en considérant des charges perméables.

Mots-clés: multiphase; diffusion; séparation; barrière; modélisation; FEM
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General Introduction

Polymer materials came into prominence in the early twentieth century because of their interesting properties, low cost and easy processing allowing them to be used in various fields.

The industrial applications of these materials are being very diverse today: as it can be observed through the following chart, more than 1/3 of the mass of polymers produced in 2015 were used for packaging. Polymers are also widely exploited in other technological fields such as building, manufacturing of textiles, consumer goods and transportation equipment.

Figure 1.1 The worldwide use of polymers [START_REF] Geyer | Production, use, and fate of all plastics ever made[END_REF] In order to meet the ever-increasing requirements of engineering applications, polymers are often combined with inorganic fillers in order for enhancing their properties. Hence, in the last decades, new strategies have been proposed by material scientists in order to develop high-performance multiphase polymer systems. One immediately thinks about mechanical reinforcement, which in most cases comes down to increase the strength-to-weight ratio for structural applications. However, a substantial part of the research effort is devoted to the development of other material functions, which consists on -tailoring‖ the material physicchemical properties in order to satisfy a particular technical need. Examples of common material functions, among others, are related to thermal properties (heat dissipation, thermal insulation, heat storage), electrical properties (electrical insulation / conduction, electromagnetic shielding), or mass transport properties (barrier effect, gas trapping, separation and filtration, etc.). This thesis will focus on two types of multiphase systems particularly appropriate and efficient for the development of material functionalities involving mass transport: polymer-based nanocomposites and mixed matrix membranes, respectively.

Polymer-based nanocomposite result from the dispersion of fillers showing at least one dimension in the nanometer range within a polymer matrix. These materials demonstrate a series of advantageous properties that are not found in higher (micrometric) scale composites [START_REF] Camargo | Nanocomposites : Synthesis, structure, properties and new application opportunities[END_REF]. As such, they are involved in an exceptionally extensive range of applications going from electronics to packaging and building. In the packaging field (food, sensitive products), where mass transport properties are key, nanocomposites based on impermeable lamellar nanofillers have become very popular due to their improved barrier properties, which reduces the gas flux through the packaging material (usually a film or membrane) without compromising optical transparency. This leads to an improved protection of the packaged product from the ambient atmosphere and allows the increasing of the product shelf life [START_REF] Bhunia | Modeling the Oxygen Diffusion of Nanocomposite-based Food Packaging Films[END_REF]. Indeed, gas transport process through nanocomposites is based on a diffusion-solution mechanism in which diffusing molecules must follow a tortuous path because of the presence of impermeable fillers and thus enhanced barrier properties could be obtained (Figure 1.2).

Figure 1.2 Gas transport process through nanocomposites showing the tortuous path

Increasing barrier (and mechanical) properties has thus gained a lot of attention for packaging applications but also for energy applications (protective coatings, gas tank, gas distribution, etc.). It has also to be noticed that transparency could be kept in these materials due to the low size of the dispersed objects and this represents an advantage for some applications. In this context, a lot of experimental work has been devoted to the study of the impact of adding inorganic fillers within various polymer matrices. Significant differences have generally been observed in the resulting properties, depending on the filler shape, content, and dispersion state. In particular, IMP laboratory has performed intensive work on nanocomposites based on natural and synthetic nanofillers during the last twenty years, focusing on the effect of structural parameters and also on interfacial parameters on the barrier properties [START_REF] Cheviron | Preparation, characterization and barrier properties of silver/montmorillonite/starch nanocomposite films[END_REF][START_REF] Gain | Gas barrier properties of poly(ε-caprolactone)/clay nanocomposites : Influence of the morphology and polymer/clay interactions[END_REF][START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF][START_REF] Masclaux | Experimental and modelling studies of transport in starch nanocomposite films as affected by relative humidity[END_REF][START_REF] Morel | Surface modification of calcium carbonate nanofillers by fluoro-and alkyl-alkoxysilane : Consequences on the morphology, thermal stability and gas barrier properties of polyvinylidene fluoride nanocomposites[END_REF][START_REF] Picard | Effect of an organo-modified montmorillonite on PLA crystallization and gas barrier properties[END_REF][START_REF] Picard | Water transport properties of polyamide 6 based nanocomposites prepared by melt blending : On the importance of the clay dispersion state on the water transport properties at high water activity[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]Sabard, Gouanvé, Espuche, Fulchiron, Fillot, et al., 2014a;[START_REF] Sabard | Influence of montmorillonite and film processing conditions on the morphology of polyamide 6 : Effect on ethanol and toluene barrier properties[END_REF].

On the other hand, while barrier nanocomposites are designed to block penetrant molecules, gas separation membranes are designed to permeate gases selectively. The gas separation field (e.g. air dehydration, ultrapure water production, CO 2 and other harmful gases removal from natural gas, etc.) has grown significantly since its beginnings in the early 1970's and it is expected to grow further in the coming years [START_REF] Baker | Gas separation membrane materials : A perspective[END_REF]. Compared to conventional technologies such as sorbents and scrubbing solutions which are generally energy-intensive, membrane technology has several advantages: low cost, small environmental footprint (such as carbon foot-print in water purification technology), easy processing, reliability and possibility to obtain highly pure products [START_REF] Carreon | Mixed Matrix Membranes for Gas Separation Applications[END_REF].

The fundamental parameters characterizing membrane performance for gas separation applications are the permeability and the selectivity and the main goal is to optimize the tradeoff relationship between these antagonistic parameters [START_REF] Robeson | The upper bound revisited[END_REF]. Hence, the development of new classes of membranes combining both high flux and selectivity is still a challenging issue. Different types of gas separation membranes were described in the literature, generally consisting of 2-components systems, the polymer acting as the continuous phase and the second component providing its high permeability and/or selectivity [START_REF] Sanders | Energy-efficient polymeric gas separation membranes for a sustainable future : A review[END_REF]. Mixed matrix membranes based on carbon molecular sieves have been deeply investigated and more recently a great attention has been paid on metal organic frameworks (MOFs) as functional fillers for association with polymer matrices. Another original bicomponent membrane family that has been developed regarding CO 2 separation applications is Polymer/Ionic liquid membranes (H. B. [START_REF] Park | Maximizing the right stuff : The trade-off between membrane permeability and selectivity[END_REF].

More recently, the development of three-component systems based on the addition of ionic liquid to mixed matrix membranes has been reported in literature as a way to achieve interesting separation properties thanks to the affinity of both fillers and IL towards diffusing gases [START_REF] Monteiro | Impact on CO2/N2 and CO2/CH4 Separation Performance Using Cu-BTC with Supported Ionic Liquids-Based Mixed Matrix Membranes[END_REF].

In order to predict gas transport properties in both types of systems (i.e. nanocomposites for barrier properties and mixed matrix membranes for gas separation), the development of modeling approaches is essential. Several analytical models describing mass transfer through nanocomposite systems are available in the literature. These approaches are commonly based on geometrical analyses of the path traveled by diffusing molecules through the studied systems and have enabled approximate prediction of the gas transport properties of multicomponent polymer-based systems. Indeed, they necessarily assume (over)idealized systems, which can be insufficiently accurate to take into account the various effects induced by complexities and heterogeneities in the actual nanocomposite structure. [START_REF] Wolf | How the shape of fillers affects the barrier properties of polymer/non-porous particles nanocomposites : A review[END_REF].

In order to go further in the structure-properties relationships of these materials and to promote their optimization, advanced models able to describe mass transport in realistic systems are needed. Those models are generally too mathematically complex to yield explicit analytical equations, hence they have to be numerically solved using various techniques such as the Monte Carlo method (MC), the finite element method (FEM), the finite volume method (FVM) or the boundary element method (BEM). Several numerical studies of mass transport in multiphase polymer-based systems accounting for the influence of various structural parameters (filler size, orientation, dispersion, distribution) have been reported in the literature [START_REF] Monsalve-Bravo | Modeling Permeation through Mixed-Matrix Membranes : A Review[END_REF].

It is noteworthy that most of these numerical models have considered two-dimensional systems and only few of them have taken into account the three-dimensional aspect of the actual materials. It has been shown that for a given filler loading content, 2D models generally overestimate the barrier properties compared to 3D models, due to the infinite extension assumption they imply for the dispersed phase [START_REF] Swannack | A three-dimensional simulation of barrier properties of nanocomposite films[END_REF].

Moreover, existing numerical models rarely considered the presence of imperfections in the system structure such as incomplete filler exfoliation (presence of stacks) or the existence of filler-matrix interphases which are known to have a non-negligible influence on the nanocomposite final properties.

Objectives of the thesis

The aim of this thesis project is to study gas transport properties of multiphase polymer-based systems considering two complementary aspects: numerical modeling and experimentation.

As discussed above, we have focused on two types of systems: nanocomposites for barrier applications and mixed matrix membranes for gas separation applications.

1) Nanocomposite systems

During the last decades, several experimental works have been carried out in order to characterize mass diffusion through nanocomposite systems with various filler shapes for gas barrier applications. Useful analytical models predicting the gas transport properties of these systems have been derived and extensively reported in the literature. However, the complexity of the systems these models can describe is necessarily limited. In order to predict more accurately the behavior of actual nanocomposite materials (randomly distributed fillers with different shapes or sizes, presence of stacks, filler-matrix interphases), numerical approaches are indispensable.

In this context, our first objective is to develop a 3D finite element model of mass transfer through nanocomposite systems suitable for predicting their effective transport properties.

Impermeable disk-shaped fillers embedded in a permeable matrix are considered. The influence of several structural parameters on the barrier properties will be investigated through parametric studies: filler aspect ratio distribution (assuming constant thickness and variable diameter), spatial distribution (ordered distributions / random distributions) and dispersion state (exfoliated fillers / intercalated systems).

The developed model will be extended to take into account and analyze the influence of a third phase, the interphase layer, on the gas barrier properties. The simulations will be validated by confronting them to existing numerical and analytical results as well as to existing experimental data.

2) Multi component polymer-based membranes

For gas separation applications, multi-component polymer-based membranes include mixing polymer materials with other additives such as zeolites, carbon molecular sieves or metal organic frameworks. In particular, the development of mixed matrix/ionic liquid membranes could further optimize the permeability/selectivity trade-off.

Hence, the second objective of this thesis is to prepare and characterize two-component and three-component membranes in order to obtain improved selectivity/permeability properties.

Furthermore, numerical modeling will be used in order to develop a better understanding of the relationship between membrane's morphology and its diffusion properties.

PhD work plan

The PhD work plan is divided into two major parts: Part A, which aims at providing a numerical analysis of the gas barrier properties of nanocomposite systems based on polymer matrices and impermeable lamellar nanofillers and Part B, which is devoted to an experimental and numerical study of gas separation properties of multiphase systems based on a glassy polymer, MOFs and ionic liquid.

1) Part A

The first chapter of the thesis proposes a review of the existing knowledge and approaches available to model the gas barrier behavior of multiphase systems.

After a short reminder of the parameters governing the gas transport in polymers and a brief overview of the existing analytical approaches, a review of the numerical models available to predict the barrier properties of nanocomposite systems is presented. Moreover, the effects of parameters influencing diffusion such as fillers shape, orientation, dispersion and spatial distribution are discussed. A particular attention is paid to the recent developments and a critical comparative analysis of the different approaches is proposed. 



2) Part B

The first chapter of this part provides a review of polymer-based membranes for gas separation: after presenting the background of existing membranes in literature, a description of their properties is given through examples of their gas separation performances. This analysis of the state of the art is followed by a presentation of the existing analytical and numerical models in literature for the prediction of membrane gas separation properties.

The second chapter of part B consists in an experimental and numerical study of gas separation properties of three different systems: polymer/ionic liquid membranes, mixed matrix membranes and mixed matrix membranes containing ionic liquid. Prepared membranes are characterized and their permeabilities and selectivities are determined. The relationships between the membrane structure and properties are established. The main objective concerning the three-component system is to identify an optimum area for permeability/selectivity trade-off. The experimental study is complemented by a numerical analysis using a 3D FEM model built in order to predict gas diffusion properties of the mixed matrix membranes. The simulation results are compared to the obtained experimental results.

Part A Multiphase polymer-based systems for improved barrier applications

Chapter 1 Modeling Diffusion Mass Transport in Multiphase Polymer Systems for Gas Barrier Applications: A Review

An overview of the chapter

Polymer nanocomposites based on impermeable fillers (especially lamellar nanofillers) offer a great interest as gas barrier materials because of their much-enhanced properties arising from the nanoparticles shape, size and spatial arrangement within the matrix. However, optimization and further development of such materials requires fundamental understanding of the influence of the nanocomposite structure on the gas diffusion phenomena. This step can be greatly facilitated through modeling/simulation strategies used to establish relations between material microstructural parameters and the barrier properties. This chapter first presents the analytical models developed to estimate the effective diffusivity in polymer nanocomposites. The predictions of the models are analyzed in relation to experimental data reported in the literature and their ability to describe accurately the nanocomposite transport properties when the microstructure complexity increases is discussed. Then, modeling approaches based on numerical solution techniques (e.g. the finite element method) that allow simulating the diffusion processes and assessing the effect of filler shape, orientation, dispersion and spatial arrangement are reviewed and discussed. Finally, the importance of 3D simulation strategies for the understanding and prediction of gas transport in the most complex nanocomposite microstructures is addressed.

Introduction

The need for efficient gas barrier materials is of crucial importance for a large range of applications going from packaging to protective coatings. These applications are of major importance for a wide variety of domains (food preservation, biomedical applications, energy, building, etc.). In the last decades, a great attention has been paid to polymer materials due to their low cost, easy processing and interesting mechanical properties such as their high flexibility(A. [START_REF] Blanchard | Effect of humidity on mechanical, thermal and barrier properties of EVOH films[END_REF][START_REF] Mokwena | Ethylene vinyl alcohol : A review of barrier properties for packaging shelf stable foods[END_REF][START_REF] Vandewijngaarden | Gas Permeability Properties of Poly (3-hydroxybutyrate-co-3hydroxyhexanoate)[END_REF]. However, neat polymers cannot meet anymore the ever increasing barrier level required for these applications. Hence, they have been often combined with less permeable or totally impermeable components to improve their barrier properties [START_REF] Charifou | SiOx and SiOxCzHw mono-and multi-layer deposits for improved polymer oxygen and water vapor barrier properties[END_REF][START_REF] Ge | A Review and Evaluation of Prediction Models of Gas Permeation for a Blended Flexible Packaging Film : C.GE. Prediction Models of Gas Permeation[END_REF]D. Kim & Kim, 2003;[START_REF] Mattioli | Structure, gas-barrier properties and overall migration of poly (lactic acid) films coated with hydrogenated amorphous carbon layers[END_REF][START_REF] Mokwena | Oxygen transmission of multilayer EVOH films after microwave sterilization[END_REF]. In this context, a lot of experimental work has been devoted to the study of the impact of adding inorganic fillers within various polymer matrices and significant differences have been experimentally observed in the resulting properties depending on the filler shapes, contents and dispersion states [START_REF] Attaran | Materials for food packaging applications based on bio-based polymer nanocomposites : A review[END_REF][START_REF] Cui | Gas barrier properties of polymer/clay nanocomposites[END_REF][START_REF] Cui | Gas barrier performance of graphene/polymer nanocomposites[END_REF][START_REF] Lizundia | Light and gas barrier properties of PLLA/metallic nanoparticles composite films[END_REF][START_REF] Müller | Review on the Processing and Properties of Polymer Nanocomposites and Nanocoatings and Their Applications in the Packaging, Automotive and Solar Energy Fields[END_REF][START_REF] Szymczyk | Oxygen Barrier Properties and Melt Crystallization Behavior of Poly(ethylene terephthalate)/Graphene Oxide Nanocomposites[END_REF]. Although some trends have been drawn from these experimental works, notably showing the efficiency of lamellar type nanofillers [START_REF] Espuche | Gas Diffusion in Multiphase Polymer Systems[END_REF], the need for specific tools allowing better understanding and prediction of the effect of each parameter has become of paramount importance in order to design materials with targeted properties.

The aim of this work is to review the approaches developed to model the behavior of multiphase systems of interest for barrier applications. The earlier approaches are analytical, but recently, calculations based on numerical approaches such as finite element method (FEM) have been carried out to simulate the diffusion processes into such systems. The constant evolution in the modeling approach has allowed a progressive increase in the complexity of the described systems (e.g. tridimensional morphologies), enabling the models to become more realistic with respect to the actual materials. After a short reminder of the parameters governing the gas transport in polymers and a brief overview of the existing analytical approaches, this paper extensively reviews the numerical models available to predict the barrier properties of (nano) composites, assessing the effect of parameters influencing diffusion such as filler shape, orientation, quantity, dispersion and spatial distribution. A particular attention will be paid to the recent developments and a critical comparative analysis of the different approaches will be proposed.

Background: transport mechanism in dense polymer materials

Basically, mass transport in a polymer is related to the ease with which gas molecules can penetrate and get through the material. It is described by a solution-diffusion mechanism. At a given temperature, the transport of a gas molecule through a homogeneous polymer matrix in a permeation mode is the result of a three-step process [START_REF] Crank | Diffusion in polymers[END_REF]): sorption of the component at the upstream face of the membrane, followed by diffusion/solution through the material cross-section under the influence of the applied driving force (pressure gradient which corresponds to a chemical potential gradient) and finally desorption at the downstream face of the film. In a Fickian transport mechanism, the time necessary to reach interfacial equilibrium is much shorter than the characteristic time of the diffusion process, which is then the governing process of the transport mechanism. Both the solubility and diffusion parameters are dependent on the nature of the membrane material and of the permeating gases.

In a Fickian mechanism, the permeability coefficient of specie i in a medium j, denoted by P ij , is the product of the solubility coefficient S ij and the diffusion coefficient D ij :

(A.1.1)

The solubility coefficient has a thermodynamic origin and depends on the molecule-polymer interactions, on the polymer free volume as well as on the ability of the gas to condense. It is related to the local concentration of the gas C dissolved in the polymer and to the gas pressure by the following relation:

(A.1.2)
Diffusion is the process by which the small molecule is transferred in the system due to random molecular motions. Therefore, the diffusion coefficient D ij is a kinetic term related to the free volume and the molecular mobility in the polymer phase; it is expressed in m 2 .s -1 .

As mentioned, diffusion is often the dominant mechanism of the transport process. It is described by Fick's law, which assumes a proportionality relationship between the diffusive flux and the concentration gradient. By analogy to Fourier's law of heat conduction, the first Fick's law for one-dimensional diffusion reads:

(A.1.3)
where N ij is the solute diffusive flux and is the solute concentration gradient. Later, Fick developed the unsteady form of this equation that relates the rate of change of concentration to the diffusive flux:

(A.1.4)

In the case of one-dimensional diffusion, the previous equation could be written as follow:

(A.1.5)

If l is the thickness of the polymer membrane, under the assumptions of steady state and constant diffusion coefficient, the gas flux N is constant and equal to:

(A.1.6)
where C 1 and C 2 are respectively concentrations of gas dissolved at the downstream and upstream faces of the polymer membrane. N ij can be related to the permeability:

(A.1.7)
where Δp is the pressure gradient applied to the membrane.

Adding a second dispersed phase (the fillers) to the continuous phase constituted by the polymer matrix can significantly influence the transport properties. Hence, several phenomenological models have been built in order to correlate diffusivity with various characteristic parameters for such systems. These models can either be based on analytical or numerical approaches. In the following sections of this paper, modeling works belonging to both categories will be presented with a special focus on the models devoted to the study of nanocomposite systems. It is noteworthy to precise that the various models/equations discussed in this review consider ideal binary systems. They do not take into account the potential effect of the filler/matrix interface (which can be considered as a third phase). This means that sufficiently strong interactions between the dispersed phase and the continuous phase are supposed to take place in order to have no defects at the interface. Moreover, it is assumed that these interactions are not strong enough to modify the properties at the boundaries of each phase and that the presence of the dispersed phase does not modify the properties of the continuous phase.

In the case of ideal binary systems composed of impermeable fillers dispersed in a continuous permeable phase, the solubility S ij can be expressed by:

(A.1.8)
where S 0 is the solubility in the neat polymer and is the volume fraction of the fillers.

Due to the presence of those fillers, the diffusion path is lengthened, as defined by the tortuosity factor [START_REF] Barrer | Diffusion and permeation in heterogeneous media[END_REF]): Besides, the effective diffusivity in the nanocomposite can be expressed as follow:

(A.1.10)

where D 0 is the diffusivity in the neat polymer.

Considering a Fickian transport mechanism, the permeability coefficient of the composite material (or effective permeability) can be expressed as:

(A.1.11) t s
where P 0 is the permeability of the neat polymer. The relative effective permeability can then be defined as: (A.1.12) and the relative effective diffusion coefficient as: (A.1.13) Throughout this paper, for comparison purposes, it has been chosen to represent the effect of nanofillers on the composite barrier properties by a unique parameter: the relative effective diffusivity , which relates to the effective relative permeability as given by equation (A.1.13).

Modeling approaches

Analytical approaches

The main analytical approaches developed to model gas transport properties in biphasic polymer based films are presented hereafter. We will show how different parameters (such as filler shape and content, filler location and distribution, filler size distribution, filler orientation or filler stacking) have been taken into account in these models and how the models have been exploited in combination with experimental data to bring a better understanding of the relations between the materials structure and their barrier properties.

Influence of the filler shape and location/distribution

Maxwell and Bruggemann [START_REF] Barrer | Diffusion and permeation in heterogeneous media[END_REF][START_REF] Bouma | Permeation through a heterogeneous membrane : The effect of the dispersed phase[END_REF][START_REF] Bruggeman | Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der Mischkörper aus isotropen Substanzen[END_REF][START_REF] Maxwell | A treatise on electricity and magnetism[END_REF] developed the first theoretically based models to predict the permeability properties of gases in biphasic systems, considering a spherical morphology for the dispersed phase. The general Maxwell law can be expressed as: (A.1.14) where D eff is the effective diffusivity in the composite system, P 0 and D 0 are the permeability and diffusivity of the continuous phase respectively, P d is the permeability in the dispersed phase and is the volume fraction of the dispersed phase. In the case of impermeable dispersed spheres, Maxwell's model can be reduced to the following expression: (A.1.15) According to this model, as expected, the effective diffusivity decreases as the volume fraction of impermeable nanoparticles increases.

Bruggemann also proposed an equation to describe the transport phenomenon in biphasic media composed of a continuous matrix with spherical dispersed fillers: A.1.16) where P eff is the effective permeability in the nanocomposite.

( ( ) , ( 
Hence, the relative effective diffusivity is expressed as follow: A.1.17) After the impermeable dispersed phase assumption (P d = 0), Bruggemann equation could be reduced to:

( ( ) , ( 
⁄ (A.1.18)
The Maxwell model showed a good accuracy with experimental permeability data for filler volume fraction up to 0.2 whereas Bruggeman model could consider heavier filling. However, in both Maxwell and Bruggeman models, neither the filler shape/size distribution nor the filler dispersion was considered.

The modified Maxwell-Wagner-Sillar model [START_REF] Bouma | Permeation through a heterogeneous membrane : The effect of the dispersed phase[END_REF][START_REF] Rafiq | Gas Permeation Models in Mixed Matrix Membranes for Gas Separation[END_REF] was developed to consider these morphological parameters. For impermeable dispersed fillers, Maxwell-Wagner-Sillar equation can be written as: (A.1.19) where accounts for the filler shape, size and dispersion state. is defined as:

(A.1.20)

 is the filler shape factor and is the maximum packing volume fraction of the fillers, which depends on the filler shape, filler size and filler dispersion. For 1/3, the modified Maxwell-Wagner-Sillar model is equivalent to the Maxwell model.

Higuchi [START_REF] Higuchi | A New Relationship for the Dielectric Properties of Two Phase Mixtures[END_REF][START_REF] Higuchi | Theoretical analysis of diffusional movement through heterogeneous barriers[END_REF][START_REF] Idris | Modified Higuchi Model Applied to Permeation Prediction of Nanocomposite Membranes[END_REF][START_REF] Sadeghi | Enhancement of the gas separation properties of polybenzimidazole (PBI) membrane by incorporation of silica nano particles[END_REF][START_REF] Semsarzadeh | Preparation, characterization and gas permeation properties of polyurethane-silica/polyvinyl alcohol mixed matrix membranes[END_REF] studied the permeability of composites constituted of the dispersion of impermeable spheres within a permeable matrix and proposed a model that could be written as:

(A.1.21)

In the Higuchi equation, the empirical parameter is related to the filler dispersion state.

While a large number of studies initially focused on the dispersion of spherical fillers, a growing interest has been then paid to impermeable fillers of various shapes (disks, cylinders, ribbons, etc.). Most models considered dilute or semi-dilute regime, meaning that the fillers could not overlap. Moreover, the studies were primarily focused on systems in which the fillers were oriented perpendicularly to the gas flow. Nielsen [START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF] gave a mathematical solution that allowed the description of the molecular flux in a medium filled with circular and square platelets of infinite length, uniformly and completely dispersed in the polymer matrix. The general Nielsen law expression for effective diffusivity is:

(A.1.22)
where L is the filler length and W its width. By this equation, Nielsen showed that the fillers shape (circular or square) had an effect on diffusivity: the higher the ratio, the lower the diffusion and the permeability.

In agreement with Nielsen law, Raleigh et al. (L. Rayleigh, 1892) showed that the relative diffusivity in a nanocomposite system, where the polymer membrane contains a periodic array of infinite cylinders perpendicular to the membrane surface, only depends on the filler volume fraction:

(A.1.23)

Fredrickson and Bicerano [START_REF] Fredrickson | Barrier properties of oriented disk composites[END_REF] proposed the following equation to predict barrier properties of composites containing a random dispersion of impermeable disks in a dilute regime:

(A.1.24)
where is a geometric factor and α is the disk aspect ratio defined as the ratio between the diameter D and the thickness e.

Cussler [START_REF] Cussler | Barrier membranes[END_REF][START_REF] Lape | Polydisperse flakes in barrier films[END_REF][START_REF] Moggridge | Barrier films using flakes and reactive additives[END_REF][START_REF] Yang | Flake alignment in composite coatings[END_REF] increased the complexity of the studied systems by considering different arrays of the dispersed impermeable fillers (flakes or lamellae). Two types of arrays were studied: regular and random arrays of oriented plates. The model developed by Cussler and coworkers can be expressed as follow:

(A.1.25) assuming that α is the filler aspect ratio defined as the quotient of the width of the dispersed ribbons w by its thickness t, is their volume fraction and is a factor that depends on the case studied:

-= 1, when the ribbons are dispersed in a regular array [START_REF] Cussler | Barrier membranes[END_REF]; -= 1/2, when flakes are dispersed into two sequences with alignment and misalignment occurring with equal probability (C. [START_REF] Yang | Flake alignment in composite coatings[END_REF]; -= 2/27, when fillers are hexagons and randomly distributed within the matrix (C. [START_REF] Yang | Flake alignment in composite coatings[END_REF].

According to values, regular array of ribbons is the most efficient configuration for improving barrier properties.

Equation (A.1.26) is derived from the one developed by Cussler et al. [START_REF] Lape | Polydisperse flakes in barrier films[END_REF]in the case of a random distribution of ribbons within a polymer matrix:

( ) .1.26) Due to the limitation of the previous equations to describe the behavior at high filler content, some authors investigated the effect of more concentrated systems. Aris and Cussler [START_REF] Cussler | Barrier membranes[END_REF] developed a model for plate-like particles in the semi-dilute regime. In this case, the relative effective diffusivity could be expressed by:

(A
(A.1.27)
where is the geometric factor.

Fredrickson and coworkers [START_REF] Fredrickson | Barrier properties of oriented disk composites[END_REF]) also considered the semi-dilute regime where disks are randomly distributed. They derived a model resulting in the following equation: .1.28) assuming that χ = (πα )/(2ln(α/2)).

( ) (A
Lu and coworkers [START_REF] Lu | Permeability modelling of polymer-layered silicate nanocomposites[END_REF] proposed a 2D theoretical model where platelets of high aspect ratios are randomly distributed in the polymer matrix. The equation developed by the group for such geometry results in the following expression for (D eff /D 0 ): .1.29) Through this model, it was shown that an increase in relative diffusivity at higher filler content could be due to a lack of exfoliation or a decrease in fillers aspect ratio. Hence nanocomposites properties (critical volume fraction and aspect ratios) have been estimated

( * (A
and compared to experimental results.

Influence of the filler size distribution

In the previously cited studies, it was assumed that all the dispersed fillers have the same dimensions. Lape et al. [START_REF] Lape | Polydisperse flakes in barrier films[END_REF] investigated the effect of the dispersion of impermeable flakes having different size. They studied two cases: a discrete distribution of polydisperse flakes and a continuous distribution of polydisperse flakes. In all cases, the flake thickness t was assumed to be constant.

In the first case, the relative diffusivity in a film filled with a discrete distribution of polydisperse flakes could be described by equation (A.1.30): .1.30) where n i and w i are respectively the number and the width of flakes in size category i.

( ( ∑ * ∑ + (A
In the second case (continuous distribution) the equation has been modified to obtain: .1.31) In this equation, g is the size distribution function of flakes i.e. gdw is the fraction of flakes having a width w. In both cases, the authors found that an increase in polydispersity leads to a decrease in permeability. In other words, barrier properties of polydisperse flakes were predicted to be superior to those of monodisperse flakes.

( ( ̅ * ∫ ) (A

Influence of the filler orientation and stacking

Bharadwaj [START_REF] Bharadwaj | Modeling the Barrier Properties of Polymer-Layered Silicate Nanocomposites[END_REF] where θ is the angle between the direction of penetrant flow and the normal to the layers.

O values can range from 1 (θ = 0), indicating perfect orientation of fillers with diffusing gas direction, to -1/2 (θ = π/2) indicating perpendicular or orthogonal orientation. A value of 0 indicates random orientation of fillers. The resulting equation reads:

( ) ( ) (A.1.33)
The Bharadwaj model predicts that small platelets are more sensitive to orientational disorder than large ones. It shows, in agreement with previous models, that barrier properties are lower in the case of aggregates with smaller aspect ratio than an individual platelet aspect ratio, taking into account the absence of intra-platelet diffusion.

Sorrentino et al. [START_REF] Sorrentino | Diffusion behavior in polymer-clay nanocomposites[END_REF] built a new geometrical model in order to study barrier properties of nanocomposite systems as a function of fillers orientation, volume fraction and intercalation between them. According to their description, their model seems the most adequate one for analyzing diffusion behavior in systems in which fillers have a very high aspect ratio. From their work, two main equations can be derived for a system of regularly distributed ribbons:

regularly oriented ribbons:

( ( ) + (A.1.34)
randomly oriented ribbons:

( ( *+ (A.1.35)
Another approach was developed recently by Nazarenko et al. [START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF], considering the effect of layers stacking on gas barrier Some authors [START_REF] Aris | On the permeability of membranes with parallel, but interconnected, pathways[END_REF][START_REF] Aris | On a problem in hindered diffusion[END_REF][START_REF] Cussler | Barrier membranes[END_REF][START_REF] Falla | Estimating diffusion through flake-filled membranes[END_REF][START_REF] Lape | Polydisperse flakes in barrier films[END_REF][START_REF] Moggridge | Barrier films using flakes and reactive additives[END_REF] [START_REF] Aris | On the permeability of membranes with parallel, but interconnected, pathways[END_REF][START_REF] Aris | On a problem in hindered diffusion[END_REF][START_REF] Cussler | Barrier membranes[END_REF][START_REF] Falla | Estimating diffusion through flake-filled membranes[END_REF][START_REF] Lape | Polydisperse flakes in barrier films[END_REF][START_REF] Moggridge | Barrier films using flakes and reactive additives[END_REF] It is worth to note that Aris built one of the first 3D analytical models [START_REF] Aris | On the permeability of membranes with parallel, but interconnected, pathways[END_REF][START_REF] Aris | On a problem in hindered diffusion[END_REF]. The well-known model he proposed to describe diffusion in such nanocomposite systems can be cast in the following form:

( ( )+ (A.1.37)
where σ s is the slit shape i.e. the ratio of the distance between two adjacent flakes to its thickness (s/t) while the expression of depends on the space surrounding the plates ( ( ) and the filler aspect ratio is α = d/(2t).

The first term in Eq. (A.1.37) is just unity. The relative diffusivity becomes 1 when the flake volume fraction equals zero. The second term is attributed to the tortuous path around the flakes. The third term, involving σ s , represents resistance to diffusion due to constriction between adjacent flakes. The last term corresponds to the resistance offered by the -necking‖ phenomenon faced by a diffusive molecule while circumventing the edges of the flakes at the entrance or exit of the slit. [START_REF] Wakeham | Diffusion through multiperforate laminae[END_REF] proposed a slightly different equation: .1.38) The difference between equations (A.1.37) and (A.1.38) is the fourth term. It is assumed to be dependent of the aspect ratio for Aris and independent of this parameter for Wakeham and
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Mason. This fourth term is the most controversial of those in these equations. Cussler et al. [START_REF] Cussler | Barrier membranes[END_REF][START_REF] Moggridge | Barrier films using flakes and reactive additives[END_REF][START_REF] Yang | Flake alignment in composite coatings[END_REF] argued that this resistance as well as the third term should be insignificant for nanocomposites with a large number of layers or flakes. They proposed then two simplified equations depending on the filler shape.

For ribbon-like flakes, the simplified equation is:

( ) (A.1.39)
For hexagonal flakes, it reads: They have derived their model from Bharadwaj's analytical model where they have defined a new factor called -Herman's orientation function‖ υ (υ= (3cos 2 θ-1)/2).

Their derived equation is given by equation (A.1.41) :

( √ ) (A.1.41)
The expressions of the relative diffusivity for the analytical models detailed in this review are summarized in Table A.1.1. In the next section it will be shown how these analytical models have been used to make comparison with experimental data to improve the understanding of gas barrier properties of biphasic systems in regards to their morphology.

Confrontation of the models with experimental data

Among the different models depicted in the previous part, Maxwell law is one of the most used models when focusing on polymer matrices loaded with spherical phases and considering below 0.3 [START_REF] Alix | Effect of Highly Exfoliated and Oriented Organoclays on the Barrier Properties of Polyamide 6 Based Nanocomposites[END_REF][START_REF] Bitinis | Physicochemical properties of organoclay filled polylactic acid/natural rubber blend bionanocomposites[END_REF][START_REF] Bugatti | Nano-hybrids incorporation into poly(ε-caprolactone) for multifunctional applications : Mechanical and barrier properties[END_REF][START_REF] Choudalakis | Permeability of polymer/clay nanocomposites : A review[END_REF][START_REF] Compton | Crumpled Graphene Nanosheets as Highly Effective Barrier Property Enhancers[END_REF][START_REF] Crétois | Microstructure and barrier properties of PHBV/organoclays bionanocomposites[END_REF][START_REF] Guan | Ecofriendly Fabrication of Modified Graphene Oxide Latex Nanocomposites with High Oxygen Barrier Performance[END_REF][START_REF] Gusev | Gas permeation and selectivity of poly(dimethylsiloxane)/graphene oxide composite elastomer membranes[END_REF]Hotta & Paul, 2004, p. 200;[START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF][START_REF] Kwon | Comparison of the properties of polyimide nanocomposites containing three different nanofillers : Organoclay, functionalized graphene, and organoclay/functionalized graphene complex[END_REF]; Y. T. [START_REF] Park | Polyol-Assisted Vermiculite Dispersion in Polyurethane Nanocomposites[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF][START_REF] Shah | Blown films of nanocomposites prepared from low density polyethylene and a sodium ionomer of poly(ethylene-co-methacrylic acid)[END_REF][START_REF] Takahashi | Gas barrier properties of butyl rubber/vermiculite nanocomposite coatings[END_REF][START_REF] Thomas | Effect of organoclay on the gas barrier properties of natural rubber nanocomposites[END_REF][START_REF] Yano | Synthesis and properties of polyimide-clay hybrid[END_REF]. Simplified Maxwell law (equation (A.1.15)) has been shown to accurately describe the transport properties of a wide range of polymers filled with spherical inorganic particles such as precipitated calcium carbonate fillers, metal nanofillers [START_REF] Di Maio | Description of gas transport in perfluoropolymer/SAPO-34 mixed matrix membranes using fourresistance model[END_REF][START_REF] Morel | Surface modification of calcium carbonate nanofillers by fluoro-and alkyl-alkoxysilane : Consequences on the morphology, thermal stability and gas barrier properties of polyvinylidene fluoride nanocomposites[END_REF][START_REF] Morel | Impact of coated calcium carbonate nanofillers and annealing treatments on the microstructure and gas barrier properties of poly(lactide) based nanocomposite films[END_REF][START_REF] Simon | Hybrid films of polyetherimide containing in situ grown Ag, Pd, and AgPd alloy nanoparticles : Synthesis route, morphology, and gas transport properties[END_REF][START_REF] Su | Enhancing Separation and Mechanical Performance of Hybrid Membranes through Nanoparticle Surface Modification[END_REF]. This law permits to describe the impact of dispersed domains with very different sizes (from a few tens of nanometers to a few hundred micrometers). However, it fails when defects (voids) or increase in free volume produces at the polymer/filler interface leading to an unpredicted increase of permeability or when strong interactions are established at the polymer/filler interface inducing a slowdown of the diffusion rate in the interfacial area in comparison with the diffusion rate in the bulk matrix (J. [START_REF] Compton | Hybrid films of polyimide containing in situ generated silver or palladium nanoparticles : Effect of the particle precursor and of the processing conditions on the morphology and the gas permeability[END_REF][START_REF] Espuche | In situ generation of nanoparticulate lanthanum(III) oxidepolyimide films : Characterization of nanoparticle formation and resulting polymer properties[END_REF][START_REF] Morel | Surface modification of calcium carbonate nanofillers by fluoro-and alkyl-alkoxysilane : Consequences on the morphology, thermal stability and gas barrier properties of polyvinylidene fluoride nanocomposites[END_REF][START_REF] Shen | Preparation and characterization of mixed matrix membranes based on PVDF and three inorganic fillers (fumed nonporous silica, zeolite 4A and mesoporous MCM-41) for gas separation[END_REF][START_REF] Takahashi | Gas barrier properties of butyl rubber/vermiculite nanocomposite coatings[END_REF]. Only few authors have focused on comparing different models concerned with the dispersion of spherical domains to the same experimental data. Shen et al. [START_REF] Shen | Preparation and characterization of mixed matrix membranes based on PVDF and three inorganic fillers (fumed nonporous silica, zeolite 4A and mesoporous MCM-41) for gas separation[END_REF] showed that the following order was obtained for prediction of permeability results of polyvinylidene fluoride/SiO 2 membranes: Maxwell model > Bruggeman model > Higuchi model.

During the last decades, a great attention has been paid to lamellar nanofillers (such as montmorillonite, vermiculite, double hydroxide layers, graphene…) due to the significant reinforcement of barrier properties expected from their high aspect ratio [START_REF] Alix | Effect of Highly Exfoliated and Oriented Organoclays on the Barrier Properties of Polyamide 6 Based Nanocomposites[END_REF][START_REF] Bitinis | Physicochemical properties of organoclay filled polylactic acid/natural rubber blend bionanocomposites[END_REF][START_REF] Bugatti | Nano-hybrids incorporation into poly(ε-caprolactone) for multifunctional applications : Mechanical and barrier properties[END_REF][START_REF] Choudalakis | Permeability of polymer/clay nanocomposites : A review[END_REF][START_REF] Compton | Hybrid films of polyimide containing in situ generated silver or palladium nanoparticles : Effect of the particle precursor and of the processing conditions on the morphology and the gas permeability[END_REF][START_REF] Crétois | Microstructure and barrier properties of PHBV/organoclays bionanocomposites[END_REF][START_REF] Cui | Gas barrier performance of graphene/polymer nanocomposites[END_REF][START_REF] Guan | Ecofriendly Fabrication of Modified Graphene Oxide Latex Nanocomposites with High Oxygen Barrier Performance[END_REF][START_REF] Gusev | Gas permeation and selectivity of poly(dimethylsiloxane)/graphene oxide composite elastomer membranes[END_REF][START_REF] Hotta | Nanocomposites formed from linear low density polyethylene and organoclays[END_REF][START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF][START_REF] Kwon | Comparison of the properties of polyimide nanocomposites containing three different nanofillers : Organoclay, functionalized graphene, and organoclay/functionalized graphene complex[END_REF]; Y. T. [START_REF] Park | Polyol-Assisted Vermiculite Dispersion in Polyurethane Nanocomposites[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF][START_REF] Shah | Blown films of nanocomposites prepared from low density polyethylene and a sodium ionomer of poly(ethylene-co-methacrylic acid)[END_REF][START_REF] Takahashi | Gas barrier properties of butyl rubber/vermiculite nanocomposite coatings[END_REF][START_REF] Thomas | Effect of organoclay on the gas barrier properties of natural rubber nanocomposites[END_REF][START_REF] Yano | Synthesis and properties of polyimide-clay hybrid[END_REF]. For platelets lying in the plane of the film, experimental results have been often

analyzed thanks to Nielsen equation. In most studies, the methodology consists in using the chosen model (Nielsen, Cussler or Fredrickson & Bicerano…) to calculate the filler mean aspect ratio that allows fitting with a good accuracy the experimental relative permeability values of the nanocomposites prepared for increasing filler volume contents. The calculated mean aspect ratio is finally compared with the theoretical aspect ratio of the individual platelet or more often with the mean aspect ratio measured thanks to morphological analyses performed by transmission electron microscopy. A rather good agreement is obtained between experimental and theoretical values when a high degree of platelet exfoliation is achieved (E. [START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]; Y. T. [START_REF] Park | Polyol-Assisted Vermiculite Dispersion in Polyurethane Nanocomposites[END_REF][START_REF] Shah | Blown films of nanocomposites prepared from low density polyethylene and a sodium ionomer of poly(ethylene-co-methacrylic acid)[END_REF][START_REF] Hotta | Nanocomposites formed from linear low density polyethylene and organoclays[END_REF].

Moreover, although some differences are observed between the aforementioned models, it is generally difficult to decide which of the various theories provide the best prediction because the theoretical aspect ratio values are often within the range of aspect ratios determined by experimental observations [START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF][START_REF] Takahashi | Gas barrier properties of butyl rubber/vermiculite nanocomposite coatings[END_REF]. However, for many systems, the morphology obtained is significantly different from the ideal morphology (e.g. fully exfoliated structures lying in the plane of the film). Very often, all the dispersed objects are not perfectly lying perpendicular to the gas flow [START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF][START_REF] Van Rooyen | Gas barrier properties of oxyfluorinated graphene filled polytetrafluoroethylene nanocomposites[END_REF]. Furthermore, in many cases, the dispersed objects do not have the same size due to the coexistence of exfoliated and intercalated structures [START_REF] Hotta | Nanocomposites formed from linear low density polyethylene and organoclays[END_REF][START_REF] Mittal | Epoxy-Vermiculite Nanocomposites as Gas Permeation Barrier[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF][START_REF] Shah | Blown films of nanocomposites prepared from low density polyethylene and a sodium ionomer of poly(ethylene-co-methacrylic acid)[END_REF]. For these non-ideal morphologies, the barrier properties calculated by the previous models do not agree with experimental results. Therefore, Bharadwaj equation has been used to model systems with a random orientation of exfoliated platelets [START_REF] Bharadwaj | Modeling the Barrier Properties of Polymer-Layered Silicate Nanocomposites[END_REF]. For that morphology, the value of O parameter in Bharadwaj equation is fixed to 0 and the methodology consists here again in determining the filler mean aspect ratio value that allows the best fitting of the experimental results obtained for increasing volume fractions of dispersed fillers. The calculated value is then discussed with respect to the experimental one estimated thanks to the morphological observations performed on the samples. When the dispersed structures are intercalated, the platelet stacks are usually considered as impermeable domains for modeling. A reduced filler aspect ratio value is taken into account due to the increase of the considered thickness. A reduction of barrier properties is generally evidenced through experimental data in agreement with theoretical analysis. However, it is to highlight that some authors have experimentally shown that platelet stacks could not always be considered as impermeable phases. Indeed, an increase of gas solubility was evidenced in some nanocomposites based on intercalated structures in comparison with nanocomposites based on exfoliated structures [START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF]. However, it appears that this does not significantly impact the barrier properties at low filler volume fraction. One explanation could be that the volume fraction concerned by this phenomenon (related to the volume between the platelets in the stacks) is too small to play a significant role in the transport phenomenon. For a significant number of nanocomposite systems, the morphology is not as simple as that depicted in the previous discussed cases. A coexistence of exfoliated and intercalated structures can be observed. Moreover, all intercalated structures do not always contain the same platelet number. This complex morphology is often favored as the filler volume fraction increases in the material. Some experimental results [START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF] have

shown that contrary to what was commonly expected, some interesting gas barrier properties could be obtained in agreement with Lape et al. work (Lape et al., 2004). To explain such results, Picard et al. assigned different density values to exfoliated and intercalated structures due to the presence of organic species in the last structures [START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF].

Taking into account these different density values and based on a detailed quantitative analysis of the dispersed objects resulting from transmission electron microscopy and scanning electron microscopy observations, they have proposed a modified expression of the classical models (Nielsen, Cussler). In their modified models, a discretization of the aspect ratio values of the different dispersed phases is considered in relation with the morphological data obtained from a detailed TEM and SEM analysis of the samples. A good agreement between experimental and calculated permeability values was observed. The fact that the intercalated structures haven't a detrimental effect on gas barrier properties is explained in this case by the limited number of platelets forming the stacks and also the relatively low amount of stacks. By this example, it can be clearly seen that the analysis and understanding of barrier properties in non-ideal systems can become very complex, needing both detailed morphological analyses and more complex models. Among the analytical models described in the previous part of this review, Aris model is one of the most detailed and complex models [START_REF] Aris | On the permeability of membranes with parallel, but interconnected, pathways[END_REF][START_REF] Aris | On a problem in hindered diffusion[END_REF]. According to our knowledge, unfortunately, the Aris model was not confronted with nanocomposites experimental results probably due to a general lack of detailed quantitative morphological analyses performed on materials. The vast majority of models cited in this first part of the review cover cases that range from simple 2D / 3D systems, where particles of rectangular shape such as platelets or ribbons are regularly or randomly distributed in the polymer matrix. In these approaches, the effects of several parameters (volume fraction, aspect ratio, orientation, dispersion, distribution) on barrier properties have been investigated. According to most authors, the modification of the expression of the tortuosity factor is sufficient to account for the main effects of those parameters on barrier properties. Furthermore, those analytical models are often experimentally supported for the most simple nanocomposite structures. However, in order to go further in the understanding of actual materials and their barrier properties, the need for new models allowing simulation of 2D and 3D complex systems is clearly evidenced. New models have been built in order to simulate 2D and 3D complex systems where fillers are symmetrical disks or flakes of different shapes instead of infinite ribbons. Those models are too complex to yield a simple analytical equation for the relative diffusivity, so they need to be solved numerically using various numerical methods and tools.

Numerical approaches

In order to overcome the limitations of the previous approaches, more geometrically complex models have been proposed to predict the enhancement in barrier properties of 2D and 3D systems containing different nanofiller types. Generally, as these models cannot be solved through analytical calculations, various numerical methods can be used to obtain approximate solutions. This paper discusses several works based on the Monte Carlo (MC) method, the boundary element method (BEM), the finite volume method (FVM) and the finite element method (FEM) [START_REF] Bhunia | Modeling the Oxygen Diffusion of Nanocomposite-based Food Packaging Films[END_REF]. The Monte Carlo (MC) method relies on a repeated random sampling of a large number of single events in order to provide an approximate averaged solution. Schematically, MC simulations provide numerical solutions of a deterministic problem through a microscopic and probabilistic approach [START_REF] Eitzman | Barrier membranes with tipped impermeable flakes[END_REF][START_REF] Swannack | A three-dimensional simulation of barrier properties of nanocomposite films[END_REF]. Contrary to the MC method, the BEM, FVM and FEM are based on the solution of partial differential equations (PDE), meaning that the problem formulation is cast in a macroscopic and deterministic way. The BEM distinguishes itself as a -boundary‖ method, meaning that the numerical discretization is conducted at reduced spatial dimension, leading to smaller linear equation systems and less computer memory requirements [START_REF] Wrobel | The Boundary Element Method[END_REF]. The FVM is conservative in essence and based on flux evaluation at cell boundaries [START_REF] Versteeg | An Introduction to Computational Fluid Dynamics : The Finite Volume Method[END_REF]. Its main strengths are accuracy and rapidity on regular meshes. However, when the studied geometry becomes more irregular and complex, these advantages turn out to be less remarkable. The FEM is also a method of choice for simulating diffusion problems. One of its main benefits is that it offers great freedom in the selection of discretization: shape and dimension of elements that can be used to discretize the space domain as well as basis interpolation functions. Furthermore, in order to describe the diffusion process in nanocomposites and to analyze the influence of the structural parameters such as aspect ratio, orientation angle, volume fraction, intercalation level, etc., the FEM was found to be the most suitable because it is consistently robust for representing various structures. It is also flexible enough to incorporate a 3D structuration of the nanofillers [START_REF] Bhunia | Modeling the Oxygen Diffusion of Nanocomposite-based Food Packaging Films[END_REF]. As aforementioned, the complexity of the structure of the systems (polymer matrix + fillers) is the main reason why numerical models have been developed. Hence, in the following, several modeling approaches (from simple, regular 2D systems to more complex, randomly distributed 3D morphologies) will be presented and discussed.

Regular array

This type of dispersion, for which fillers are placed perpendicularly to the gas flow, has often been considered because it is supposed to lead to better barrier performance. It has been analyzed in the case of two-dimensional systems as well as three-dimensional systems.

2D systems

Similarly to analytical models, the earlier numerical approaches have been conducted for a regular distribution of fillers in the polymer matrix because those systems are the simplest and the slit shape σ s were varied. As a result, it has been found that diffusivity is less affected when α is small and σ s is large, while it is more affected when α is large with small values of σ s . These results are in good agreement with Aris's equation (A.1.37).

(1)

(2)

Chen et al. (X. [START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF] focused their study on the barrier properties of flake-filled polymer membranes. They built a numerical model where flakes were aligned parallel to the membrane surfaces and diffusion has been set to be perpendicular to the membrane surface. They used the boundary element method to solve diffusion equations.

Two cases of arrays for a periodic arrangement of aligned monodisperse flakes were which could take into account parameters such as filler shape, distribution and volume fraction. They compared their numerical results to an analytical model derived from a modification of Aris's equation: .1.43) In this equation, the overall resistance to mass transport is subdivided into two resistances: the resistance of the neat matrix and the resistance due to the tortuous path. They have found a good agreement. Moreover, their results have been compared to previous empirical models developed for the same purpose (X. [START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF][START_REF] Falla | Estimating diffusion through flake-filled membranes[END_REF][START_REF] Swannack | A three-dimensional simulation of barrier properties of nanocomposite films[END_REF]. They concluded that the increase in barrier properties is predicted for low slit shape values.

( ) ⁄ ⁄ ⁄ ( ) * ⁄ ⁄ ⁄ + (A
According to their results, the smaller the ratio α/σ s , the lower the enhancement of barrier where S L is the area of the filler lateral surface, S n is the cross section area of filler (normal to the flux direction) and S nM is the area corresponding to cross section of the matrix region between adjacent fillers, in the filler plane. Several ranges of fillers aspect ratio values, volume fractions and slit shapes have been considered in order to study their effect on the composite transport properties. For both 2D and 3D geometries, the authors compared their simulation results to Aris's equation (A.1.37). The good agreement obtained means that Aris's equation could be directly applied to the 3D ordered geometries if the definitions they proposed for the fillers aspect ratio and slit shape (Eqs. (A.1.44) and (A.1.45)) were used. ( [START_REF] Lape | Polydisperse flakes in barrier films[END_REF] because the latter induced too much simplification of the influence of the flake-flake interactions on the diffusion path tortuosity.

In order to study a random array with homogeneous filler size and orientation, Minelli [START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF]) built a 2D geometry through an algorithm that randomly distributes platelets of fixed structural parameters in the computational domain. They concluded that the barrier enhancement effect increases as filler aspect ratio or volume fraction increases.

Furthermore, their numerical results showed an agreement with previous numerical models such as Chen's model. Their results indicated that for a filler volume fraction ranging from 1% to 7% and a filler aspect ratio α ranging from 50 to 1000, the best barrier property for an exfoliated system could be obtained for the optimum structural parameter couple ( = 5%, α = 500). Moreover, they showed that an exfoliated system could improve barrier properties much more efficiently than an intercalated one. Finally, the gas barrier properties could be greatly reduced if the orientation angle increases (θ ranges from 0 to 85 i.e. from perpendicular to quasi parallel direction with respect to the diffusion flux).

Another recent model has been built by [START_REF] Tsiantis | The Barrier Properties of Flake-Filled Composites with Precise Control of Flake Orientation[END_REF], which treated the barrier properties of flake filled composites as a function of fillers orientation. For that purpose, they used a Random Sequential Adsorption (RSA) algorithm in order to build a representative volume element of the geometry. The unit cell adopted was quite similar to the one presented in where θ is the angle formed between the direction of the diffusion and the outward normal vector on the flake surface and is an adjustable geometrical parameter.

The same authors [START_REF] Tsiantis | A closed-form solution for the barrier properties of randomly oriented high aspect ratio flake composites[END_REF] derived numerical solutions for barrier properties of flake filled composites where fillers were randomly placed and oriented (0<θ<π/2).

They have shown through their work that 1D representation of the studied systems is suitable for very high aspect ratio flakes. Their numerical results were in adequacy with the harmonic and the arithmetic averages based on Nielsen and Lape's models.

3D systems

Various 3D models have been built taking into account the random dispersion of fillers in a homogenous system as shown in that permeability in such a system was reduced by a factor defined as the product of the filler aspect ratio α and its volume fraction . Furthermore, Gusev and coworkers derived an empirical equation from these numerical predictions:

( ( *+ (A.1.47)
Through this study, they also showed that the presence of high-aspect-ratio atomic-thickness nanofillers could lead to changes in the local gas properties especially around fillers.

A similar work has been performed by Nagy et al. [START_REF] Nagy | Permeability and conductivity of platelet-reinforced membranes and composites[END_REF] to study the effect of the tortuous path on the overall diffusivity in a 3D flake-filled system. They adopted a resistor representation and showed that the enhancement of barrier properties is a function of the factor α through the sum of linear and quadratic contributions. and α is the filler aspect ratio as defined in equation (A.1.44). Like previous works, they have concluded that in the case of 3D random systems, the barrier enhancement effect increases as α or increases. 

Heterogeneous filler orientation/size 2D systems

In this class of systems, the fillers are randomly positioned in the matrix as in the previously described works, but in addition, they do not all have the same size or orientation. Several configurations have been considered in 2D systems and some of them are summed up in 

( √ ( √ ) ) (A.1.52)
θ is the angle formed between the direction of diffusion and the normal vector to the platelet surface. Later, Greco [START_REF] Greco | Simulation and modeling of diffusion in oriented lamellar nanocomposites[END_REF] where G subscript refers to galleries. n is the number of platelets while T G and t are the thickness of the galleries and platelets respectively. Since the numerical model built by Greco was able to simulate diffusion between platelets, it was concluded that the coefficient of diffusion decreases as the following parameters increase: the degree of intercalation, the lamellar galleries thickness, and the degree of dispersion. It also decreases as the number of lamellar sheets in each stack decreases. and associated for each a corresponding equation. They showed that, for fillers parallel to diffusion direction, the harmonic average is the most close to their computational work and relative effective diffusivity follows an asymptotic behavior when (α ) is high. Moreover, their model is in agreement in existing models in literature for different misalignment states going from unidirectional to random.

3D systems

Although 3D models are computationally intensive, the ability to analyze quite realistic configurations incited authors to build such models in order to study diffusion in randomly In addition to the effect of the structural parameters on diffusivity, the authors integrated in their model the effect of galleries thickness and orientation parameter, taking into account diffusion between stacks and around them. This work seems to be the first 3D approach to study diffusion inside galleries. The comparison of the results to those obtained from an analytical model such as Nazarenko and coworkers [START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF] showed a good agreement. They introduced an alternative equation to express the normalized diffusivity:
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where α S is the stack aspect ratio, α the platelet aspect ratio, n is the number of platelets and is the volume fraction of fillers.

Another step towards the improvement of the representativeness of numerical models consists in building a 3D geometry directly from the morphological and filler dispersion data obtained by TEM images. For instance, using this approach, Cerisuelo et al. [START_REF] Cerisuelo | Diffusion modeling in polymerclay nanocomposites for food packaging applications through finite element analysis of TEM images[END_REF] have shown through FEM simulations a reduction in the effective diffusivity which was in agreement with previous works. They also studied the effect of the tortuosity and necking effects on diffusivity in nanocomposite materials. Cerisuelo and coworkers showed that in spite of possible size effect of diffusing molecules, which wasn't considered in their model, the results obtained seem to agree with previous analytical models and with experimental data. As well, they showed that filler particles are responsible for the reduction in the solute diffusivity, since they increase the distance of the diffusion path, reduce the crossing area, and, as a result, increase the resistance undergone by the solute when it is displaced through the spacing between adjacent particles in the same horizontal plane. 

Conclusion

The development of polymer-based nanocomposites for barrier applications requires a comprehensive understanding of the impact of their structure on gas diffusion. In the past decades, this need has significantly stimulated the development of analytical and numerical modeling, either as complementary or alternative approaches to experimental ones. Analytical approaches led to the first models. They have been widely used and have permitted to establish the first relationships between gas barrier properties and the size, shape, content, dispersion and array of nanofillers. Although these approaches have undoubtedly enhanced the understanding of gas barrier properties and agree rather well with experimental data, they suffer from some limitations when considering complex structures. In this context, various numerical approaches using the most common and proven computational methods (the Monte Carlo method, the boundary element method, the finite volume method and the finite element method) have been developed. The finite element method has made possible to study more complex nanocomposite structures ranging from simple, regular 2D systems to randomly distributed 3D morphologies. It has also allowed to evidence and to discuss the effect of additional parameters in comparison with the analytical models such as necking effects, flakeflake interactions, possibility for the gas to diffuse in the interspace gallery between platelets in filler stacks as some examples. Some recent developments have shown the definite potential of the FEM-based approach in modeling the behavior of a real sample on the basis of representing the actual sample morphology acquired by transmission electron microscopy.

Chapter 2 3D Mass Diffusion in Ordered Nanocomposite Systems: Finite Element Simulation and Phenomenological Modeling An overview of the chapter

It has been shown through the extensive state of art presented in 0that barrier properties of nanocomposite systems are strongly related to the structural parameters of fillers, their dispersion and distribution in the polymer matrix. Indeed; various nanofiller natures, shapes and loading fractions have been experimentally considered and a wide range of barrier materials has been obtained. Concurrently, several numerical approaches have been developed

to model gas diffusion properties of nanocomposite materials. However, these approaches often considered bi-dimensional systems, which can be inaccurate for certain filler. The aim of the present chapter is to develop a 3D finite element model in order to predict to predict the gas barrier properties of ordered nanocomposites with disk-shaped nano-fillers, valid in diluted, semi-diluted and concentrated regimes. An analytical equation describing barrier properties of such systems has been also derived from phenomenological considerations and numerical simulation results.

Introduction

Problems involving gas diffusion arise today in a large range of fields such as food preservation , medicinal products packaging (X. Li et al., 2016), solar cell protective coatings [START_REF] Kausar | Polymer coating technology for high performance applications : Fundamentals and advances[END_REF][START_REF] Yu | Recent progress on thin-film encapsulation technologies for organic electronic devices[END_REF], fuel cell membranes [START_REF] Magana | Hydrophobic networks for advanced proton conducting membrane : Synthesis, transport properties and chemical stability[END_REF][START_REF] Makinouchi | Improvement in characteristics of a Nafion membrane by proton conductive nanofibers for fuel cell applications[END_REF][START_REF] Yamazaki | High Proton Conductive and Low Gas Permeable Sulfonated Graft Copolyimide Membrane[END_REF], fuel and gas transportation [START_REF] Deveci | Application of constant volumevariable pressure (time-lag) method to measure oxygen gas diffusion through polypropylene pipes[END_REF][START_REF] Klopffer | Development of Innovating Materials for Distributing Mixtures of Hydrogen and Natural Gas. Study of the Barrier Properties and Durability of Polymer Pipes[END_REF], as a few. Most of these domains need materials that combine low cost, easy processing, longterm flexibility and barrier properties. Although polymers exhibit appropriate cost, processing and mechanical properties, they cannot meet alone the ever increasing level of barrier properties required by the applications. Impermeable fillers are then dispersed within the host polymer matrix to increase the gas diffusion path length by a tortuosity effect [START_REF] Barrer | Diffusion and permeation in heterogeneous media[END_REF][START_REF] Bruggeman | Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der Mischkörper aus isotropen Substanzen[END_REF][START_REF] Cussler | Barrier membranes[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF]. Among the wide range of available impermeable fillers, nanometer thick lamellar fillers such as montmorillonite, graphene, double hydroxide layer, zirconium phosphate platelets, etc. are chosen due to their high aspect ratio [START_REF] Dal Pont | Microstructure and properties of styrenebutadiene rubber based nanocomposites prepared from an aminosilane modified synthetic lamellar nanofiller[END_REF][START_REF] Follain | Barrier properties of polyamide 12/montmorillonite nanocomposites : Effect of clay structure and mixing conditions[END_REF][START_REF] Jia | Layered Double Hydroxides/Polymer Nanocomposites[END_REF]; X.

Li, Bandyopadhyay, Nguyen, [START_REF] Li | Fabrication of functionalized graphene oxide/maleic anhydride grafted polypropylene composite film with excellent gas barrier and anticorrosion properties[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF][START_REF] Sun | Barrier properties of model epoxy nanocomposites[END_REF][START_REF] Wolf | How the shape of fillers affects the barrier properties of polymer/non-porous particles nanocomposites : A review[END_REF]. Most of the experimental studies and analytical modeling approaches based on nanocomposites agree with the fact that lamellar fillers have to be placed perpendicular to the gas flow to maximize the tortuosity effect and therefore increase the barrier properties [START_REF] Bharadwaj | Modeling the Barrier Properties of Polymer-Layered Silicate Nanocomposites[END_REF][START_REF] Cussler | Barrier membranes[END_REF][START_REF] Gusev | Gas permeation and selectivity of poly(dimethylsiloxane)/graphene oxide composite elastomer membranes[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]. In this context, analytical modeling approaches have investigated the effects of filler content (f) and aspect ratio (α) [START_REF] Bouma | Permeation through a heterogeneous membrane : The effect of the dispersed phase[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF]. The fillers are most often represented as regularly dispersed ribbons of infinite length. Moreover, the penetrant trajectory is considered as a one dimensional path in a dilute regime (αf <<1) [START_REF] Fredrickson | Barrier properties of oriented disk composites[END_REF]. With the development of high performance numerical tools such as finite element modeling (FEM) [START_REF] Cerisuelo | Diffusion modeling in polymerclay nanocomposites for food packaging applications through finite element analysis of TEM images[END_REF][START_REF] Gusev | Gas permeation and selectivity of poly(dimethylsiloxane)/graphene oxide composite elastomer membranes[END_REF]or boundary element method (BEM) (X. [START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF][START_REF] Dondero | The effect of flake orientational order on the permeability of barrier membranes : Numerical simulations and predictive models[END_REF], detailed modeling of more realistic nanocomposite structures has become possible and several numerical approaches have focused on diffusion in nanocomposites with homogeneous distribution of nanofillers oriented perpendicular to the diffusion direction [START_REF] Goodyer | Numerical simulations compared against experimental results for barrier membranes with lithographically printed flakes[END_REF][START_REF] Minelli | Analysis of modeling results for barrier properties in ordered nanocomposite systems[END_REF][START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF][START_REF] Swannack | A three-dimensional simulation of barrier properties of nanocomposite films[END_REF]. It is noteworthy that although most of these numerical models have considered the studied systems as two-dimensional ones, only few of them have taken into account the three-dimensional aspect of the studied materials. The main objective of these 3D models has been to investigate the effects of different filler shapes (hexagonal tablets, square tablets, octagonal tablets and circular disks) and to compare the obtained results with those derived by 2D or analytical approaches. It has been shown that 2D simulations generally predict a lower effective diffusivity than the 3D simulations [START_REF] Swannack | A three-dimensional simulation of barrier properties of nanocomposite films[END_REF]. Indeed, for a given filler volume fraction, a truly 3D geometry (platelets with finite extension) allows a more important permeation than a 2D geometry (platelets with infinite extension) and thus leads to a higher effective diffusivity value. One interest of the numerical modeling approach is that it permits quite easily to extent the studies to semi-diluted regimes.

Specifically, the aim of this work is to build a 3D numerical model using the finite element method in order to predict gas barrier properties in nanocomposite systems where fillers, considered as disks, are distributed regularly and uniformly in a unit cell. The specificity of the model is its validity for a wide range of fillers volume fractions and aspect ratios, allowing to go from diluted regime (αf<<1) to semi-diluted and concentrated regime as α values up to 25 were considered. Moreover, the analysis of the numerical simulation results obtained for all the systems considered in this work allowed to clearly evidence the governing role of a particular geometrical parameter. Accordingly, a phenomenological analytical model was derived, aiming to predict gas barrier properties of nanocomposites as a function of the parameters describing the fillers shape and their spatial distribution. Comparison with FEM simulation results showed an excellently good agreement.

Finite Element Simulations

Geometrical model

The nanocomposite systems considered in this work consist in a polymer matrix homogeneously filled with disk-shaped impermeable nanofillers (Figure A.2.1). This simple filler shape can be considered as representative of platelet-like fillers and has already been used by several authors to investigate the gas transport properties of nanocomposites from analytical or numerical approaches. The volume fraction of nanofillers f, chosen in the range 0 -10%, is a parameter of the geometrical model. The disk thickness values e have been chosen in the range 0.6 nm -2 nm to match the typical thickness values of the elementary platelets for the most common lamellar nanofiller types [START_REF] Charifou | Polypropylene/layered double hydroxide nanocomposites : Synergistic effect of designed filler modification and compatibilizing agent on the morphology, thermal, and mechanical properties[END_REF][START_REF] Dal Pont | Microstructure and properties of styrenebutadiene rubber based nanocomposites prepared from an aminosilane modified synthetic lamellar nanofiller[END_REF]. The disk diameter D was varied between 100 nm and 500 nm. 

Numerical solution and effective diffusivity evaluation

The boundary value problem is solved by the finite element method using the commercial package COMSOL Multiphysics. The FEM requires proper discretization (or meshing) of the computational domain in order for the numerical solver to provide accurate and stable results.

Since the fillers are assumed impermeable, only the matrix phase domain needs to be meshed.

An unstructured mesh consisting in tetrahedral elements was generated ( 

⃗ ⃗ ⃗ ⃗ (A.2.4)
The effective diffusivity of the nanocomposite is finally given by:

̅̅̅ (A.2.5)
where ̅̅̅ is the average mass flux of the permeating specie across a plane section S normal to z-direction and located at z = z 0 within the unit cell:

̅̅̅ ∯ (A.2.6)
with N z the z-component of the mass flux vector. It should be noted the mass conservation principle and the periodic boundary conditions ensure that the average mass flux is the same in any plane section. Hence, z 0 could be indifferently any value chosen between 0 and p z . In the present work, the mass flux surface integral was evaluated on the upper face of the unit cell (i.e. z 0 = p z ).

Results and discussion

Previous analytical models [START_REF] Cussler | Barrier membranes[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF] and experimental results (O.

C. [START_REF] Compton | Crumpled Graphene Nanosheets as Highly Effective Barrier Property Enhancers[END_REF][START_REF] Hotta | Nanocomposites formed from linear low density polyethylene and organoclays[END_REF][START_REF] Thomas | Effect of organoclay on the gas barrier properties of natural rubber nanocomposites[END_REF] showed that diffusivity in nanocomposites is highly dependent on nanofillers aspect ratio and volume fraction values. The effect of these parameters on the relative effective diffusivity was investigated by varying the parameter  between 0.00585 and 0.1, for several filler aspect ratios ranging from  = 50 (D = 100 nm, e = 2 nm) to  = 250 (D = 171 nm, e = 0.684 nm).

The middle layer filler is assumed to be centered within the unit cell (s x = p x /2, s y = p y /2), as The decrease of diffusivity in nanocomposites constituted of impermeable fillers has been explained by a tortuosity effect that is enhanced as the aspect ratio and volume content of fillers increase [START_REF] Espuche | Gas Diffusion in Multiphase Polymer Systems[END_REF]. Several analytical models such as the Gusev and Lusti model [START_REF] Gusev | Gas permeation and selectivity of poly(dimethylsiloxane)/graphene oxide composite elastomer membranes[END_REF], the Fredrickson and Bicerano model [START_REF] Fredrickson | Barrier properties of oriented disk composites[END_REF] and the modified-Cussler model [START_REF] Cussler | Barrier membranes[END_REF] already investigated the effect of impermeable disks on the diffusion properties of a polymer nanocomposite system. In these approaches, a random dispersion of nanofillers was considered. [START_REF] Dal Pont | Nanocomposites à matrice élastomère à base de charges lamellaires synthétiques alpha-ZrP : Influence de la modification des charges sur les propriétés mécaniques et barrière aux gaz (Phdthesis[END_REF][START_REF] Dal Pont | Microstructure and properties of styrenebutadiene rubber based nanocomposites prepared from an aminosilane modified synthetic lamellar nanofiller[END_REF][START_REF] Gain | Gas barrier properties of poly(ε-caprolactone)/clay nanocomposites : Influence of the morphology and polymer/clay interactions[END_REF][START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF][START_REF] Kato | Preparation and properties of polyethylene-clay hybrids[END_REF][START_REF] Meneghetti | Synthesis and Characterization of Styrene-Butadiene Rubber-Clay Nanocomposites with Enhanced Mechanical and Gas Barrier Properties[END_REF]. It should be noticed that FEM results are fitting well with Dal Pont et al. results [START_REF] Dal Pont | Microstructure and properties of styrenebutadiene rubber based nanocomposites prepared from an aminosilane modified synthetic lamellar nanofiller[END_REF] for fillers aspect ratio 50. The experimental results obtained by [START_REF] Meneghetti | Synthesis and Characterization of Styrene-Butadiene Rubber-Clay Nanocomposites with Enhanced Mechanical and Gas Barrier Properties[END_REF] and [START_REF] Kato | Preparation and properties of polyethylene-clay hybrids[END_REF] can be accurately described by our FEM approach considering a filler aspect ratio close to 200. Finally the comparison between the experimental results obtained by Jacquelot et al. [START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF]and our FEM approach suggests that filler stacks are formed as the filler amount increases, this trend being largely observed in the literature [START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]. Indeed, a filler aspect ratio value near to 100 allows to describe the experimental data for a filler volume fraction around 0.04 whereas it decreases down to 50 when the filler volume amount increases up to 0.07.

The projected area ratio as a governing parameter

The simulation results presented in Figure A.2.6 have shown that in addition to the filler volume fraction, the filler aspect ratio has quite a significant effect on the diffusion properties of the nanocomposite. Hence, it can be suggested that a single parameter encompassing the effects of both geometrical quantities may govern the relationship between the structural arrangement of the ordered nanocomposite and its diffusion properties. More specifically, in this work, it is postulated that the relative effective diffusivity of the nanocomposite is strongly correlated to the probability that a molecule entering the unit cell at the lower boundary can diffuse to the upper boundary according to a path strictly parallel to the z direction, without being deflected by the presence of impermeable filler. This probability can be related to the projected area ratio k, defined as:

(A.2.7)
where S tot is the total projected area of the unit cell on a plane normal to the diffusion direction z: The overlapping projected area is composed of the individual overlapping areas S i of the middle layer disk with each one of the four disks located in the corners of the unit cell:

∑ (A.2.11)
The intersection area S i of two disks of same diameter D whose centers are located at a distance d i from each other is given by: As expected, as the k ratio tends to unity (i.e. unfilled matrix), the relative effective diffusivity also tends to unity. On the other hand, as the k ratio approaches zero, (i.e. maximum overlapping) the relative effective diffusivity reaches a minimum value. Besides, for a fixed disk diameter value, the smaller the parameter , the closer to zero that minimum value, which can be explained by the increasing tortuosity and the decreasing diffusion section as the filler layers are positioned closer to one another. One should note that in the limiting case of contacting filler layers (minimum  value), the relative effective diffusivity is rigorously equal to the k ratio: the diffusing molecules cannot circumvent the fillers, they can only diffuse in the matrix zones where there is no overlapping. These observations are of major importance since the correlation equation developed further in this work must be consistent with these limiting cases.
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The effect of the k ratio on effective diffusivity can also be investigated in the case of a unit Based on these numerical simulation results, the following section is devoted to the development and identification of an analytical equation correlating the relative effective diffusivity variation to the full range of k values. Then, the obtained model will be validated against FEM simulation results on a broader range of unit cell configurations.

Phenomenological modeling

Model derivation

At the first order, as shown by the plots of the numerical simulation results, the relationship between the relative effective diffusivity and the k ratio is assumed to follow a linear regime.

Hence, it can be represented by the affine equation:

(A.2.19)
where a and b are respectively the slope and the intercept (i.e. the limit value of the relative effective diffusivity as k tends to zero) of the affine line. However, as demonstrated by which leads to:

exp (A.2.23)
The opposite limiting case is (i.e. maximum overlapping, the matrix phase projected area is zero). If in addition the filler layers are in contact ( =  min = 2/α), then no diffusion is possible and D eff /D 0 = 0. This yields:

exp ( * (A.2.24)
then a 0 can be written as: the diffusion barrier effect induced by the increase of the filler projected area (represented by the quantity ) decays exponentially with the distance between the successive layers in the z-direction, as this corresponds to a decrease in tortuosity;

the diffusion barrier effect induced by the increase of the filler projected area is enhanced for larger filler diameters, as this leads to a longer diffusion path and an increase in tortuosity.

Moreover, for the limiting case  = 2/α (contacting layers), the equation indeed yields a proportionality relationship:

(A. with A = 0.27 and B = 0.04.

Model validation

Both analytical equations (A.2.26) and (A. and analytical equation. However, some discrepancies with the predictions of Aris equation can be noted, which could be due to differences in the geometrical shape of the fillers (flakeshaped fillers in Aris model).

Conclusion

In this paper, a 3D FEM model was developed in order to study gas diffusion in nanocomposites for barrier applications. The adopted geometry was the disk shape. Thus, different disk volume fraction, aspect ratio and positions were investigated here. The results raise several observations that merit discussion, the first being that increasing fillers volume fraction and aspect ratio had a great effect on improving barrier properties of nanocomposite systems. Furthermore, it was shown that relative diffusivity is strongly governed by a remarkable parameter, the projected area ratio, reflecting the area available for straight path diffusion of the molecules. Calculation results show that the greater this parameter, the higher the relative effective diffusivity. Through these results, a new analytical equation was developed, taking into consideration the filler aspect ratio, the thickness-wise spacing between fillers and the projected area ratio. The equation was validated against FEM calculations and showed good agreement with other existing models. 

Chapter 3 Numerical Analysis of 3D Mass Diffusion in Random Nanocomposite Systems: Effects of Polydispersity and Intercalation on Barrier Properties

An overview of the chapter

The previous chapter was focused on the effect of fillers structure parameters on the overall diffusivity of -idealized‖ nanocomposite systems assuming full exfoliation (i.e. individual fillers) and ordered spatial dispersion in the matrix. However, in actual systems, the fillers are generally randomly distributed in the polymer matrix and individual fillers can coexist with filler stacks, making the morphology much more complex. Besides, filler size polydispersity can also be observed and could affect barrier properties. It appears essential to elucidate the influence of such parameters on the effective diffusivity of nanocomposites. The first objective of the present chapter is to analyze and discuss the effect of filler size polydispersity on the gas barrier properties of nanocomposites using three-dimensional finite element modeling. Secondly, systems composed of monodisperse and polydisperse stacks are considered and the effect of interplatelet diffusion effect on the overall diffusivity is quantified through a parametric study. The analysis is carried out for large ranges of fillers dimensions and diffusion coefficient values in the interplatelet area.

Introduction

In the past decades, there has been specific interest in nanocomposite materials because of their applications in various fields, especially for gas barrier application. An increase of the barrier properties is expected from the addition of impermeable lamellar nanofillers to the polymer matrix thanks to an increase of the gas diffusion path. Different experimental, analytical and numerical studies have been carried out to investigate the dependency of this tortuous effect and resulting barrier properties on morphological factors such as the filler content or aspect ratio (Greco, 2014a;[START_REF] Greco | Two-dimensional and three-dimensional simulation of diffusion in nanocomposite with arbitrarily oriented lamellae[END_REF][START_REF] Huang | Improved barrier properties of poly(lactic acid) with randomly dispersed graphene oxide nanosheets[END_REF][START_REF] Minelli | Analysis of modeling results for barrier properties in ordered nanocomposite systems[END_REF][START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF][START_REF] Yano | Synthesis and properties of polyimide-clay hybrid[END_REF]. In these studies, it is usually considered that all dispersed objects have the same dimensions (Greco, 2014a;[START_REF] Greco | Two-dimensional and three-dimensional simulation of diffusion in nanocomposite with arbitrarily oriented lamellae[END_REF]. However, the nanocomposite morphology is often more complex. Several studies have underlined the coexistence of dispersed objects with different aspect ratios in nanocomposites prepared from a single nanofiller type due to the difficulty to achieve complete exfoliation of the platelets [START_REF] Alexandre | Water barrier properties of polyamide 12/montmorillonite nanocomposite membranes : Structure and volume fraction effects[END_REF][START_REF] Masclaux | Experimental and modelling studies of transport in starch nanocomposite films as affected by relative humidity[END_REF][START_REF] Picard | Water transport properties of polyamide 6 based nanocomposites prepared by melt blending : On the importance of the clay dispersion state on the water transport properties at high water activity[END_REF][START_REF] Kim | Graphene/Polymer Nanocomposites[END_REF]. Picard et al. [START_REF] Picard | Influence of the intercalated cations on the surface energy of montmorillonites : Consequences for the morphology and gas barrier properties of polyethylene/montmorillonites nanocomposites[END_REF] showed that in PA6/montmorillonite nanocomposites the coexistence of exfoliated structures and small filler stacks (less than 5 sheets per stack) was not detrimental to barrier properties. This result, that could appear surprising with respect to commonly used Nielsen law [START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF], was explained by the low amount and low width of the stacks. Thus, the small decrease of mean filler aspect ratio was compensated by the increase of the impermeable volume fraction, the volume occupied by the stacks being considered as impermeable.

The effect of the polydispersity of the filler aspect ratios on barrier properties has been modeled in several works (X. [START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF][START_REF] Lape | Polydisperse flakes in barrier films[END_REF]. In these studies, the considered fillers have the same thickness but generally differ by their length. The analytical model developed by Lape et al. [START_REF] Lape | Polydisperse flakes in barrier films[END_REF] evidenced that the barrier properties are better improved when fillers are larger. Moreover, Chen et al. (X. [START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF] developed a 2D numerical model based on the Boundary Element Method (BEM) through which they confirmed the interest of filler size polydispersity for improved barrier properties. As already mentioned, in all these studies, the dispersed objects consisted of individual fillers with the same thickness but different lengths. On the other hand, some works focused on the effect of filler stacks on gas transport [START_REF] Bharadwaj | Modeling the Barrier Properties of Polymer-Layered Silicate Nanocomposites[END_REF][START_REF] Paul | Polymer nanotechnology : Nanocomposites[END_REF]. The stacks dispersed in the matrix had the same size and they were usually considered as impermeable phases. Only few authors investigated the influence of possible gas diffusion in the interplatelet space on the overall gas transport properties. By considering the gas diffusion rate in the interplatelet space similar to that in the matrix, Nazarenko [START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF] found that the contribution of the interplatelet diffusion on the overall transport was negligible. An extension of the model proposed by Nazarenko was derived by Greco and coworkers [START_REF] Greco | Effect of multi-scale diffusion on the permeability behavior of intercalated nanocomposites[END_REF]Greco & Maffezzoli, 2015a) with the aim to discuss the impact of different diffusion rates in the interplatelet space.

Through their numerical approach, Greco et al. showed that diffusion in the interplatelet space is quite relevant especially for high values of the space inside stacks. It is noteworthy that in all these previous works the platelet stacks dispersed in the matrix were all of the same sizes.

According to our knowledge, no modeling study investigated the impact of stacks with polydisperse sizes on the gas transport properties.

The aim of the present study is to discuss the effect of the filler size polydispersity on gas barrier properties through a step-by-step approach based on three-dimensional finite element modeling (FEM). In the first part, systems filled with polydisperse single platelets (i.e. same thickness but different diameter distributions) are compared with monodisperse systems. In the second part, dispersions of monodisperse stacks and polydisperse stacks are investigated.

In order to assess the effect of interplatelet diffusion, a sensitivity study is carried out considering a wide range of diffusion coefficient values in the interplatelet area. It should be kept in mind that throughout this study, random spatial dispersion of the fillers (or stacks) has been assumed in order to be as representative of the actual systems as possible.

Modelling Methodology

Geometry

The geometric modeling of the nanocomposite systems is based on a three-dimensional representative volume element (RVE) approach. The parallelepipedic simulation domain representing the RVE has dimensions L x , L y and L z in a Cartesian coordinate system (x,y,z), with z the overall diffusion direction. As in the previous section 2.2 , fillers are modeled as three-dimensional disks (diameter D, thickness e). The choice of the discoidal filler shape was based on literature as detailed in the first chapter because of its representativeness of plateletlike nanofillers. Two types of geometric configurations have been considered:

the first type of configuration consisted of dispersions of single impermeable disks randomly positioned in the matrix and oriented normally to the overall flux direction z.

The disk size can be either monodisperse or polydisperse. The random positioning of disks in the computational domain was generated using a JAVA algorithm coupled with the commercial finite element package COMSOL Multiphysics. This algorithm contains conditions that ensure non-overlapping of the generated disks.

the second type of configuration consisted in dispersions of stacks of three impermeable disks, randomly positioned and oriented in the polymer matrix using the same generation algorithm. As in the first type of configuration, the disk size can be either monodisperse or polydisperse.

In the whole study, the disk thickness was assumed to be 2 nm and the mean diameter value ̅ was targeted to 60 nm. The filler aspect ratio α was defined as the ratio between the diameter and the thickness. A target value of the filler volume fraction was specified as an input parameter of the distribution generation algorithm. However, the actual volume fraction f of the generated distribution was calculated through a volume integration of the matrix domain after generating the geometry and was varied between 1% and 14%. The computational domain contains a sufficient number of fillers through which well-aimed results could be obtained (200 -264 dispersed fillers with and without stacks).

Physical equations

The mass diffusion process in stationary regime was modeled according to Fick's second law without mass source (2.2.2 :

( ) (A.3.1)
where is the molar concentration of the permeating specie i (mol.m -3 ) and is the mass diffusion coefficient of permeating specie i in medium j. In the present study, the diffusion coefficient of permeating specie in the neat matrix was chosen as = 10 -12 m²/s.

The finite element method is used to solve the mass diffusion equation in the matrix domain with the following boundary conditions:

concentration boundary conditions were imposed on the upper and lower faces of the simulation domain: c 1 = 1000 mol.m -3 ; c 2 = 500 mol.m -3 . The matrix diffusivity is considered constant and not concentration-dependent, meaning that concentration values chosen as BCs for the upper and lower faces have rigorously no effect on the effective diffusivity calculated in this study;

since disks are impermeable to mass diffusion, no-flux boundary condition was imposed on all filler-matrix interfaces;

for symmetry reasons, no-flux boundary conditions were applied on the lateral faces of the simulation domain.

Numerical analysis

An unstructured mesh consisting of tetrahedral linear elements in order to provide accurate results was adopted in the previous chapter 2.2.3 . It has been verified that the number of mesh elements is sufficiently high not to affect the obtained results (e.g. for 200 disks generated in the RVE, the number of mesh elements is about 126360). The solution of the boundary value problem yields the molar concentration field of the permeating specie c(x,y,z).

Finite element solutions were obtained using the commercial package Comsol Multiphysics (version 5.4, DELL computer with i3 processor and 8 Go of RAM). The computational time was between 1 and 5 min. Then, the mass flux vector field of the permeating specie can be calculated from the concentration field:

⃗ ⃗ ⃗ ⃗ (A.3.2)
and the overall effective diffusivity is given as follow:

̅̅̅ (A.3.3)
where ̅̅̅ is the average mass flux of the permeating specie across a plane section S normal to z-direction and located at z = z 0 within the unit cell:

̅̅̅ ∬ (A.3.4)
assuming that N z is the z-component of the mass flux vector.

In the current work, relative effective diffusivity, defined as the ratio D eff /D 0 , is considered the impermeable boundary conditions

Results and Discussion

Effect of filler aspect ratio polydispersity on the overall diffusivity

This section focuses on the effect of filler aspect ratio polydispersity on nanocomposite barrier properties. For this purpose, simulations were conducted for different generated distributions in order to compare their effect on the overall diffusivity. For the sake of clarity, the generated distributions are described first, then the obtained results are discussed and compared to existing models from literature.

Monodisperse distribution

Monodisperse distributions have been generated according to the following method: single disks having a fixed diameter value 60 nm corresponding to an aspect ratio value = 30 were positioned randomly on 4 layers separated by 1 nm of the polymer matrix, each. The developed generation algorithm ensured that disks did not overlap in a given layer (Figure each type of distribution, three dispersions were randomly generated in order to verify the repeatability of the method.

A.3.2).

Polydisperse uniform distribution

In order to generate a polydisperse system with uniform size repartition in a given range, the generation algorithm randomly picks an equiprobable random value of the disk diameter in the specified range (20 -100 nm in the present case) and attempts to position the disk at a randomly chosen position. If no overlapping occurs, the disk is actually inserted. Otherwise, the disk is discarded and a new disk with new random diameter and position is generated. The process is repeated as many times as needed to attain the desired number of disks in the RVE.

Due to this process, it is expected that the actual diameter distribution slightly deviate from the ideal uniform distribution, since small disks are generally easier to position than large disks. For a total number of 200 generated disks in the RVE, the actually obtained distributions of disk size for an average disk aspect ratio ̅ (corresponding to an average diameter ̅ = 60 nm) is presented in 

Comparison of barrier properties

An objective of this study is to clarify which type of filler dispersion is the most efficient in the enhancement of nanocomposite barrier properties. Hence, in this section, relative effective diffusivity (D eff /D 0 ) results from finite element simulations of the different studied configurations are compared. Moreover, the numerical results are compared to Lape et al. [START_REF] Lape | Polydisperse flakes in barrier films[END_REF] analytical equation, for which filler size also follows a Gaussian distribution:

( ( ̅ * ( ̅ *) (A.3.6)
where f is the filler volume fraction, e the disk thickness, ̅ the disk average diameter and σ the diameter standard deviation. model [START_REF] Lape | Polydisperse flakes in barrier films[END_REF] It can be noticed that in both cases, results from the present simulations are in good agreement with Lape's model predictions. Moreover, when σ is increasing, the deviation between polydisperse and monodisperse systems is slightly increasing too. Lape et al. [START_REF] Lape | Polydisperse flakes in barrier films[END_REF] showed that an increase in polydispersity (i.e. an increase in σ) implies a decrease in diffusivity, which is consistent with our calculations. Moreover, the statistical analysis made through calculating ε shows that small differences between the obtained results can be considered as insignificant.

In a next step, the comparison has been extended by taking into account the polydisperse uniform distribution and the polydisperse specific distribution described previously (Figure 3.1 that barrier properties enhancement is correlated to the projected area ratio for penetrating molecules which was defined as the ratio of the projected area of the matrix phase on a plane normal to the diffusion direction z and the total projected area of the RVE. In this case, this factor, denoted k i , was calculated for three different cases of size distributions (monodisperse (k 1 ), polydisperse uniform (k 2 ), and Gaussian σ = 10 (k 3 )). The values of k i reported in Figure A.3.9 are the average values calculated from 3 different dispersions for each size distribution. As it can be observed, the lowest value of the projected area ratio is obtained for the polydisperse uniform configuration which is in adequacy with the obtained numerical diffusivity results. Furthermore, a comparison of the results for the Gaussian distribution shows a slightly better decrease in relative effective values in the case where σ = 15 compared to σ = 10. One should remember that, when the standard deviation is targeted to σ = 20, the generated distribution is not perfectly Gaussian and the actual standard deviation is about σ = 15. Thus, In all cases, relative effective diffusivity values are smaller than the monodisperse case; this is consistent with Chen et al.'s 2D simulation results (X. [START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF] 

Effects of intercalation on the effective diffusivity

Fillers present in nanocomposites (graphene, montmorillonite) often have an intercalated structure [START_REF] Corcione | The aspect ratio of epoxy matrix nanocomposites reinforced with graphene stacks[END_REF][START_REF] Kim | Graphene/Polymer Nanocomposites[END_REF][START_REF] Masclaux | Experimental and modelling studies of transport in starch nanocomposite films as affected by relative humidity[END_REF][START_REF] Picard | Water transport properties of polyamide 6 based nanocomposites prepared by melt blending : On the importance of the clay dispersion state on the water transport properties at high water activity[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]. Hence, investigating the effects of filler stacking on diffusion mass transfer is an indispensable step to understand the barrier properties of such nanocomposite films. In the previous section, the size polydispersity of the dispersed objects (single fillers) was taken into account by the variation of the disk diameter.

In the case of nanocomposites prepared from lamellar nanofillers, the size polydispersity is related to the presence of nanofiller stacks [START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]. In this section, a step-by-step analysis is presented, covering monodisperse and polydisperse stacks and considering the most efficient size distributions evidenced previously.

Effects of stacking and polydispersity

First, an analysis has been conducted in order to examine to what extent the presence of stacked fillers affects the barrier properties in comparison to an exfoliated system with a similar volume fraction. Each stack was modeled as a superposition of three identical disks (diameter D, thickness e). The interplatelet spacing, i.e. the gap between two adjacent disks in has to follow due to the presence of the impermeable phase. More specifically, for the intercalated systems, it can be noticed that the highest relative diffusivity values are obtained for monodisperse stacks while the lowest relative diffusivity values are recorded for the polydisperse uniform distribution of stacks. Thus, the trends observed for exfoliated dispersion are also valid for intercalated dispersion. 

Influence of the interplatelet space characteristics (spacing, diffusivity)

In order to investigate the potential contribution of the interplatelet space to overall diffusion, monodisperse systems composed of 3-disks stacks with a fixed diameter were considered. The stacks were randomly positioned in the polymer matrix. Moreover, they were randomly tilted with angles ranging between 0° and 30° around both x and y axes, as shown in Figure A.3.12.

The disk thickness was fixed to e = 2 nm whereas the disk diameter could be chosen in the range [20 nm -100 nm]. The interplatelet spacing e inter was varied between 1 nm and 10 nm.

This range of values is representative of the interplatelet distance measured on several organomodified lamellar nanofillers [START_REF] Dal Pont | Modification of α-ZrP nanofillers by amines of different chain length : Consequences on the morphology and mechanical properties of styrene butadiene rubber based nanocomposites[END_REF][START_REF] Mariano | Investigation on Structural, Morphological and Relaxometric Properties of Lamellar Zrp Modified with Long Chain Amine[END_REF]. The matrix diffusivity was fixed to D 0 = 10 -12 m²/s while in a second step, the diffusivity in the interplatelet space, denoted by D inter , could be varied in the range [10 -4 D 0 -10 5 D 0 ]. Indeed, some experimental works have shown that the interplatelet space within stacks could not always be considered as impermeable [START_REF] Aitken | Gas transport properties of biphenol polysulfones[END_REF][START_REF] Dal Pont | Nanocomposites à matrice élastomère à base de charges lamellaires synthétiques alpha-ZrP : Influence de la modification des charges sur les propriétés mécaniques et barrière aux gaz (Phdthesis[END_REF][START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF]. It could then be interesting to consider through 

D eff /D 0 f  = 60 nm
a parametric analysis a wide range of interplatelet behavior going from very low permeability to high permeability. Several experimental studies available in literature describe intercalated nanocomposite as systems for which interplatelet diffusion inside stacks is considered similar to diffusion in the polymer matrix [START_REF] Bharadwaj | Structure-property relationships in cross-linked polyesterclay nanocomposites[END_REF][START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF][START_REF] Wolf | How the shape of fillers affects the barrier properties of polymer/non-porous particles nanocomposites : A review[END_REF]. Indeed, Nazarenko et al. [START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF] showed that for low values of e inter (about 5 nm), intra-stack diffusion can be considered as negligible compared to the overall diffusion. In addition, different analytical and numerical models [START_REF] Greco | Effect of multi-scale diffusion on the permeability behavior of intercalated nanocomposites[END_REF]Greco & Maffezzoli, 2015a[START_REF] Greco | Finite element simulation and analytical modeling of 3D multi scale diffusion in nanocomposites with permeable stacks[END_REF] investigated the effect of stacks on the barrier properties of intercalated nanocomposite systems. However, the structural parameters appearing in some works were considered over a limited range of values, for example, in Greco et al. work (Greco & Maffezzoli, 2015a), the filler aspect ratio was fixed to 50 however interplatelet space did not exceed 4 nm). Since it was shown in previous works [START_REF] Cussler | Barrier membranes[END_REF] and in the previous chapter that the effective diffusivity in nanocomposite systems strongly depends on fillers structural parameters, it appears necessary to extend those analyses to different values.

In order to assess the importance of interplatelet diffusion, a suitable approach consists in comparing the predicted effective diffusivity in identical systems in which the interplatelet space is assumed either permeable (D inter = D 0 ) or impermeable. In the latter case, the stacks can be modeled by the corresponding fully impermeable cylindrical volume, as shown in shows that for a given volume fraction, the barrier effect is enhanced when R (i.e. e inter ) is increased. Moreover, the enhancement is more pronounced as the diameter of stacks increases. This result could be explained by the following mechanism: since spacing between stacked fillers increases, the stacks occupy more space in the matrix, which is correlated to a reduction of the free volume and then a decrease in effective diffusivity.

Comparing the results for permeable stacks and impermeable stacks leads to the conclusion that interplatelet flux could be neglected if the filler diameter or the interplatelet gap are small. Indeed, the relative effective diffusivity values predicted in the cases of permeable stacks and impermeable stacks remain very close (e.g. for R = 0.75 and D = 20 nm, the deviation in relative effective diffusivity values is only 0.18 %). This result is in adequacy with the observations of Nazarenko et al. [START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF]. The minor contribution of the diffusion in interplatelet spaces to the overall diffusion was confirmed through the The obtained results clearly show that relative effective diffusivity is decreasing when the spacing between fillers in one stack increases, which confirms that diffusion, occurs preferentially in the vicinity of the stacks and not through them. This effect is accentuated for higher fillers volume fractions, since this parameter is known to promote tortuosity in the system. In agreement with previous works [START_REF] Greco | Effect of multi-scale diffusion on the permeability behavior of intercalated nanocomposites[END_REF]Greco & Maffezzoli, 2015a;[START_REF] Lape | Polydisperse flakes in barrier films[END_REF][START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF][START_REF] Picard | Barrier properties of nylon 6montmorillonite nanocomposite membranes prepared by melt blending : Influence of the clay content and dispersion state: Consequences on modelling[END_REF]these observations confirm, for larger ranges of fillers size and interplatelet spacing values, that the contribution of interplatelet spaces to overall diffusion in intercalated systems is actually very limited. 

Influence of interplatelet diffusivity (D inter ≠ D 0 )

The effect of diffusion inside stacks has been little studied in literature. For instance, Greco et al. [START_REF] Greco | Effect of multi-scale diffusion on the permeability behavior of intercalated nanocomposites[END_REF]Greco & Maffezzoli, 2015a) showed that relative effective diffusivity is increasing linearly in function of D inter /D 0 for values ranging between 0.2 and 1.8. We aim to expand D inter /D 0 range to go from nearly impermeable to highly diffusive interplatelet areas. The methodology is similar to that described in section 3.3.2.2 . Fillers volume fraction was varied in the range [0.11% -2.6%] whereas the intra-stack relative diffusivity D inter /D 0 was varied between 10 -3 and 10 5 . Disks diameter was varied between 20 and 100 nm.

The predicted evolution of the nancomposites relative effective diffusivity is represented on In addition, three distinct regions are clearly visible in the plots:

low values of : this region corresponds to the case of nearly impermeable interplatelet spaces, for which the effective diffusivity of the system decreases when spacing between fillers in one stack increases. For each disk diameter (D), filler volume fraction (f) and interplatelet (e inter ), the relative effective diffusivity values define a plateau showing that there is no significant effect of intra-stack diffusivity on the simulated coefficient of diffusion in that region;

-0.1 < < 10: this region corresponds to an interplatelet diffusivity of the same order of magnitude as that of the matrix. The relative effective diffusivity increases as D inter /D 0 increases. Its evolution shows an inflection point which is converging towards lower values when disks diameter and volume fraction increase. This region reveals the significant effect of the interplatelet diffusivity on the nanocomposite effective diffusivity and one must conclude that the barrier effect caused by increasing interplatelet spacing is compensated and even largely exceeded by the intra-stack diffusion effect;

high values of : this region corresponds to highly diffusing interplatelet spaces, for which the effective diffusivity of the system increases with the interplatelet spacing. In this case, the contribution of interplatelet diffusion becomes very significant. One must see here that all curves are converging to constant values showing that intra-stack diffusivity has, as expected, a local effect and then doesn't affect the overall diffusivity. At last, it can be observed that for D inter /D 0 ~10, low disks diameters (D=20 nm and D=40 nm) and disks volume fraction values (0.11% and 0.44%), the nanocomposite system is being more permeable than the polymer matrix for large e inter values. This result underlines that in some cases, the presence of stacks can be totally detrimental to barrier properties. 

Conclusion

In this study, a 3D numerical model of mass diffusion in nanocomposites, based on the Finite Element Method, was built in order to investigate the effects of several key morphological parameters on barrier properties. Different types of disk-shaped fillers, spatial distribution and size dispersion were taken into account in the model. Polydisperse fillers were found to be more efficient than monodisperse fillers for the enhancement of nanocomposites barrier properties, which is more apparent when the size polydispersity is large (Gaussian distribution). Furthermore, the simulations showed that on a given range of filler diameter, uniform (equiprobable) polydispersity is more effective than Gaussian polydispersity. These results were extended and validated in the case of intercalated nanocomposite systems.

Accordingly, the developed model predicts that these systems are less efficient than exfoliated systems in the enhancement of barrier properties for an equivalent volume fraction value.

Moreover, effective diffusivity was predicted to be strongly dependent on interplatelet spacing within stacks. The results were compared to fully impermeable stack for a large range of parameter values i.e. for large ranges of fillers size and interplatelet spacing values; the contribution of interplatelet spaces to overall diffusion in intercalated systems can be considered as limited when the intra-stack diffusion value is equal or below the matrix diffusivity value. However, it can be detrimental to barrier properties, especially when the platelet diameter is low, the interplatelet distance is important and its diffusivity exceeds that of the matrix by an order of magnitude.

Chapter 4 3D Numerical Analysis of Mass Diffusion in Nanocomposites: the Effect of the Filler-Matrix Interphase on Barrier Properties An overview of the chapter

The first three chapters of Part A have focused on establishing the relationship between several key morphological parameters and the barrier properties of nanocomposite systems, assuming that such systems can be described by 2-phase models (a continuous phase: the matrix and a dispersed phase: the fillers). However, when synthesizing polymer-based nanocomposites, the adhesion between both phases can be insufficient to guarantee the absence of interfacial voids or defects, which results in the existence of an interfacial area, the -interphase‖, having different diffusion properties from that of the matrix. Experimental studies have clearly demonstrated that the presence of interphases can significantly affect (positively or negatively) the barrier properties. Nevertheless, attempts to investigate the interphase effect through modeling have been scarce and to the best of our knowledge, the only numerical study reported in the literature considers 2D systems. In Chapter 4, the 3D finite element model developed in the previous chapters is expanded to include a third phase representing the filler-matrix interphase. The effect of the properties of the interphase (thickness, diffusivity) on the overall diffusivity of nanocomposites containing various contents of disk-shaped fillers is analyzed and discussed. Ideal ordered spatial distributions as well as random distributions are considered. Moreover, the effect of continuous diffusion paths, which may occur between overlapping interphases, is investigated.

Introduction

Organic or inorganic nanofillers are often introduced within polymer matrices to bring specific properties. Impermeable fillers with high aspect ratio such as montmorillonite, graphene, hydroxide double layers, zirconium-phosphate nanofillers… are widely used for barrier properties reinforcement [START_REF] Cui | Gas barrier performance of graphene/polymer nanocomposites[END_REF][START_REF] Follain | Barrier properties of polyamide 12/montmorillonite nanocomposites : Effect of clay structure and mixing conditions[END_REF][START_REF] Kim | Graphene/Polymer Nanocomposites[END_REF][START_REF] Wolf | How the shape of fillers affects the barrier properties of polymer/non-porous particles nanocomposites : A review[END_REF] whereas molecular sieves such as zeolites, metal organic frameworks, cyclodextrins… are exploited for their separation abilities [START_REF] Bae | A High-Performance Gas-Separation Membrane Containing Submicrometer-Sized Metal-Organic Framework Crystals[END_REF][START_REF] Goh | Recent advances of inorganic fillers in mixed matrix membrane for gas separation[END_REF][START_REF] Grossi | Transport properties of Nafion®/cyclodextrin membranes[END_REF]. Although nanocomposite systems have been most often considered as 2-phase systems composed of a continuous phase (the polymer matrix) and a dispersed phase (the nanofillers), several experimental studies showed that the matrix region located in the vicinity of the filler surface could be considered to form a third distinct phase with specific properties: the interphase. For example, [START_REF] Liang | A comparison on gas separation between PES (polyethersulfone)/MMT (Namontmorillonite) and PES/TiO2 mixed matrix membranes[END_REF] showed that the interphase in their nanocomposite system (polyether sulfone (PES)/montmorillonite) included voids due to poor adhesion between hydrophobic polymers and hydrophilic particles, leading to high gas permeability values.

Such behavior was also observed by Clémenson et al. in polyvinyl alcohol (PVA)/Ag nanocomposite systems [START_REF] Clémenson | Metal nanocomposite films prepared in situ from PVA and silver nitrate. Study of the nanostructuration process and morphology as a function of the in situ routes[END_REF]). Koros described the different possible behaviors of the interfacial regions in the case of mixed matrix membranes as a function of the polymer chain packing density and mobility near the sieves (Mahajan & Koros, 2000, 2002a[START_REF] Mahajan | Mixed matrix membrane materials with glassy polymers. Part 2[END_REF][START_REF] Moore | Non-ideal effects in organic-inorganic materials for gas separation membranes[END_REF][START_REF] Moore | Hybrid membrane materials comprising organic polymers with rigid dispersed phases[END_REF]. In order to ensure a homogeneous dispersion of the nanofillers within the polymer matrix and to avoid the presence of defects such as voids in the interphase domain that lead to totally incontrollable transport properties, filler surface modification is often performed. Depending on the filler type, it can be based on ionic exchange or on grafting organic species of different chain lengths and mobilities [START_REF] Dal Pont | Modification of α-ZrP nanofillers by amines of different chain length : Consequences on the morphology and mechanical properties of styrene butadiene rubber based nanocomposites[END_REF], 2013;[START_REF] Giannelis | Polymer Layered Silicate Nanocomposites[END_REF][START_REF] Morel | Surface modification of calcium carbonate nanofillers by fluoro-and alkyl-alkoxysilane : Consequences on the morphology, thermal stability and gas barrier properties of polyvinylidene fluoride nanocomposites[END_REF][START_REF] Morel | Impact of coated calcium carbonate nanofillers and annealing treatments on the microstructure and gas barrier properties of poly(lactide) based nanocomposite films[END_REF][START_REF] Okada | The chemistry of polymer-clay hybrids[END_REF][START_REF] Picard | Influence of the intercalated cations on the surface energy of montmorillonites : Consequences for the morphology and gas barrier properties of polyethylene/montmorillonites nanocomposites[END_REF][START_REF] Pinnavaia | Intercalated clay catalysts[END_REF]. The nanocomposites based on such modified fillers cannot be considered as binary systems and a clear contribution of the interphase has been experimentally evidenced by several authors working on nanocomposites for barrier applications. In some cases, the interphase led to reinforced barrier effects [START_REF] Espuche | In situ generation of nanoparticulate lanthanum(III) oxidepolyimide films : Characterization of nanoparticle formation and resulting polymer properties[END_REF][START_REF] Gain | Gas barrier properties of poly(ε-caprolactone)/clay nanocomposites : Influence of the morphology and polymer/clay interactions[END_REF][START_REF] Picard | Reinforcement of the Gas Barrier Properties of Polyethylene and Polyamide Through the Nanocomposite Approach : Key Factors and Limitations[END_REF] through strong filler/matrix interfacial interactions whereas a loss of barrier properties was clearly observed in other cases where increased mobility or lack of packing density were evidenced in the region surrounded the nanofillers (C. Y. [START_REF] Liang | A comparison on gas separation between PES (polyethersulfone)/MMT (Namontmorillonite) and PES/TiO2 mixed matrix membranes[END_REF][START_REF] Sabard | Erasure of the processing effects in polyamide 6 based cast films by the introduction of montmorillonite : Effect on water and oxygen transport properties[END_REF][START_REF] Suzuki | Physical and Gas Transport Properties of Novel Hyperbranched Polyimide -Silica Hybrid Membranes[END_REF][START_REF] Waché | Formulation et caractérisation de polyéthylènes chargés avec des argiles : Propriétés barrière des nanocomposites obtenus[END_REF][START_REF] Waché | Characterization of Polymer Layered Silicate Nanocomposites by Rheology and Permeability Methods : Impact of the Interface Quality[END_REF].

Several models have been proposed in literature to describe the interphase effects on nanocomposites for barrier properties [START_REF] Cornelius | Hybrid silica-polyimide composite membranes : Gas transport properties[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF][START_REF] Osman | Polyurethane Adhesive Nanocomposites as Gas Permeation Barrier[END_REF][START_REF] Tenn | Effect of Nanoclay Hydration on Barrier Properties of PLA/Montmorillonite Based Nanocomposites[END_REF][START_REF] Waché | Formulation et caractérisation de polyéthylènes chargés avec des argiles : Propriétés barrière des nanocomposites obtenus[END_REF][START_REF] Waché | Characterization of Polymer Layered Silicate Nanocomposites by Rheology and Permeability Methods : Impact of the Interface Quality[END_REF]. Most of the existing models were based on geometrical/analytical approaches [START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF].

Nielsen proposed a theoretical model where the total permeability in the nanocomposite system is composed of two parts: the permeability of the filled polymer and the permeability of the interphase layer, which has been defined as a volume between the filler and the polymer matrix where a non-negligible fraction of liquid can be trapped. Considering interfacial effects, Waché and coworkers defined the interphase layer as a domain surrounding the fillers through which diffusing species can either easily penetrate or not. The volume fraction assigned to the interphase is negligible compared to the filler volume fraction meaning that the diffusion rate in the interphase is considered to be the main parameter. Their model is applied to liquid permeation in polyethylene based nanocomposites for either strong (higher density) or weak (higher mobility) interphase regions [START_REF] Waché | Formulation et caractérisation de polyéthylènes chargés avec des argiles : Propriétés barrière des nanocomposites obtenus[END_REF][START_REF] Waché | Characterization of Polymer Layered Silicate Nanocomposites by Rheology and Permeability Methods : Impact of the Interface Quality[END_REF]. Recently, a numerical approach has been developed by Minelli [START_REF] Minelli | Characterization and modeling of the barrier properties in nanostructured systems[END_REF]. He conducted finite volume simulations in order to study the effect of the interphase layer on the overall diffusivity of polymer layered silicates. He showed that the barrier effect is in a lesser extent enhanced when the interphase layer is very diffusive for different interphase thickness values (0.5, 1 and 10 times the thickness of the filler) and filler volume fraction values (5 and 10 vol %). However, Minelli's model is based on two-dimensional geometries, which is relevant in the case of elongated fillers such as ribbons, but constitutes a significant approximation in the case of short platelets or flakes. In addition, the considered set of filler volume fraction values (5 and 10 vol %) is somewhat limited.

The aim of the present paper is to analyze, through finite element modeling, the effect of the interphase layer on the barrier properties of nanocomposites loaded with disk-like fillers. In order to simulate mass diffusion in such systems, three-dimensional representative geometries will be considered. Moreover, two types of filler spatial distributions will be investigated:

ideal ordered distributions and random distributions, which are a more realistic way of describing actual materials. For both cases, the possibility of interphase overlapping (depending on the distance between filler layers in the overall diffusion direction) will be taken into account. Indeed, interphase overlapping may lead to the occurrence of continuous diffusion paths through the whole thickness of the nanocomposite and then significantly influence the effective transport properties. According to our knowledge, it is the first time that such configurations are investigated through numerical modeling. Thus a parametric study considering a large range of interphase diffusivity values will allow understanding and quantifying these effects over a wide spectrum of cases ranging from virtually impermeable interphase to highly diffusive interphase and from diluted (low filler volume fraction) to concentrated (high filler volume fraction) regimes.

Modeling Methodology

Geometry

As described in the second chapter of this part 3.2.1 , the geometric modeling of the nanocomposite system is based on a three-dimensional representative volume element (RVE)

approach. The simulation domain representing the RVE is parallelepipedic in a Cartesian = 50) oriented normally to the overall flux direction z. The discoidal shape of nanofillers was adopted because it is widely used and convenient to model platelet-like nanofillers [START_REF] Espuche | In situ generation of nanoparticulate lanthanum(III) oxidepolyimide films : Characterization of nanoparticle formation and resulting polymer properties[END_REF][START_REF] Gain | Gas barrier properties of poly(ε-caprolactone)/clay nanocomposites : Influence of the morphology and polymer/clay interactions[END_REF][START_REF] Morel | Impact of coated calcium carbonate nanofillers and annealing treatments on the microstructure and gas barrier properties of poly(lactide) based nanocomposite films[END_REF][START_REF] Picard | Reinforcement of the Gas Barrier Properties of Polyethylene and Polyamide Through the Nanocomposite Approach : Key Factors and Limitations[END_REF]. The interphase surrounding the filler is modeled as an intermediate layer with homogeneous thickness (e int ).

Two types of spatial filler distributions are investigated in this work: ordered distributions and random distributions. In all cases, the range of filler volume fraction f is within 0 -20% and the interphase thickness e int ranges between 0.25 nm and 1 nm. This interphase thickness range has been chosen according to data from literature [START_REF] Minelli | Characterization and modeling of the barrier properties in nanostructured systems[END_REF].

Ordered distribution

In order to model diffusion in ordered nanocomposites, nanofillers were positioned in the polymer matrix following an ordered and periodic distribution. This configuration has been derived from the previous chapter and it is depicted in For randomly distributed fillers, the continuous path in z direction can potentially occur for , which means that the interphase layer should be thicker than 0.66 nm

(Figure A.4.3 (a)
). This condition is necessary but not sufficient, but as opposed to the case of ordered systems, a threshold volume fraction value cannot be inferred: the randomness of the positioning does not guarantee that a given interphase belonging to layer i is contiguous with an interphase belonging to layer i + 1. However, the higher the filler volume fraction, the higher the probability of occurrence of interphase overlapping.

Mass diffusion equation and boundary conditions

The mass diffusion process in the defined computational domains is described according to Fick's second law, which is expressed, in the absence of mass source and in stationary regime, by the following partial differential equation (PDE):

( ⃗ ⃗ ) (A.4.2)
where (mol.m -3 ) is the molar concentration of the permeating specie i and is the mass diffusion coefficient (or diffusivity) of permeating specie i in medium j. In the present case, it is assumed that diffusion can occur in the matrix phase and in the interphase layer. The diffusivity of the considered specie in the matrix phase and the interphase layer is denoted as D 0 and D int respectively. In the numerical simulations, a constant value D 0 = 10 -12 m².s -1 has been adopted (a representative value of gas diffusion in polymers as reported in section 2.2.3 and 3.2.3 ). The interphase diffusion coefficient was defined relative to the matrix diffusion coefficient in order to account for various types of interphase behavior: diffusion resistant interphase (low D int /D 0 values, in the range [10 -4 -10 -1 ]), iso-diffusive interphase (D int /D 0 = 1) and highly diffusive interphases (D int /D 0 values beyond 10). In the following, the variable associated with the molar concentration of the permeating specie at any point of the computational domain (i.e. the concentration field) is denoted by .

In order to obtain a well-posed boundary value problem, the mass diffusion equation was solved considering the following boundary conditions:

concentration boundary conditions were imposed on the lower (z = 0) and upper (z = p z ) faces of the unit cell, respectively 1000 mol.m -3 and 500 mol.m -3 . Since the matrix diffusivity is assumed constant and not concentration-dependent, the concentration values chosen as boundary conditions for the upper and lower faces have rigorously no influence on the calculated effective diffusivity;

periodic boundary conditions (PBC) were the same as those applied in the first chapter for ordered distribution of disks in the matrix. However, in the case of random distribution there is no periodicity of the RVE, thus no-flux boundary conditions (mimicking symmetry) were applied instead of PBC;

no-flux boundary conditions were imposed on all filler-interphase boundaries in order to model the impermeability of the fillers;

concentration continuity and flux continuity were assumed at the interphase-matrix boundaries. In this domain (D int /D 0 < 10 -1 ), the relative effective diffusivity is almost constant for a given interphase thickness and filler volume fraction. Moreover, for a fixed value of e int , the overall diffusivity decreases when filler volume fraction increases. In addition, for a fixed filler volume fraction, the relative effective diffusivity decreases as e int increases (e.g. for f = 9 % a decrease of 2.94% is observed when e int goes from 0.25 to 1 nm). In all cases, the plateau shape defined by the curves in this domain suggests that the contribution of the interphase to the overall diffusivity could be considered as negligible. To confirm this hypothesis, the relative effective diffusivity values obtained for a system in which D int /D 0 = 10 -4 were compared with those calculated for a system containing equivalent fully impermeable disks (diameter D + 2e int; thickness e + 2e int ). Moreover, for a fixed interphase thickness, it can be observed that the diffusive flux field in the polymer matrix surrounding the fillers is almost the same in the system modeling explicitly the filler and the interphase and in the system based on the equivalent fully impermeable filler, which supports the assumption that considers both systems equivalent. Indeed, the observable local discrepancies in field values between the 3-phase model and the 2-phase model can be mainly attributed to a slightly different meshing due to the absence of interphase in the case of the 2-phase model. weakly diffusive) interphases, the overall diffusivity could be equal to the neat matrix diffusivity, cancelling the barrier effect induced by the fillers themselves.

3 rd domain: high values of D int /D 0 (>10 4 )

In this region corresponding to highly diffusive interphases, the effective diffusivity of the system stops increasing and reaches a plateau. very small. As previously discussed, the filler + interphase domain can be regarded as fully impermeable filler, meaning that the transport properties are mainly governed by the tortuosity effect. As the tortuosity directly depends on the filler aspect ratio and as the interphase thickness remains low in comparison to the filler dimensions, one can consider that the tortuosity does not vary significantly. On the other hand, in the case of highly diffusive interphases, the overall diffusion increases with filler volume fraction, especially for high interphase thickness values. It can be observed that the more the interphase thickness and filler volume fraction f are high, the more the deviation between simulation results is significant (for f = 1 %, the difference observed between relative effective diffusivity values for e int = 0.25 nm and e int = 1 nm is 3.07 %, whereas it is about 17.4 % for f = 9 %). This confirms the major effect of the interphase on the transport properties especially when it is highly diffusive.

Case B: Continuous path through interphases

It has been shown that discrete interphases could play a relevant role in changing the transport properties of nanocomposite systems depending on their size and intrinsic properties. Thus, it that the tortuosity effect is predominant in this case.

Random filler distribution

For this type of distributions, disks positions were randomly determined by the generation algorithm. The actual filler volume fractions were calculated through a volume integration of the generated simulation domains and were varied between 1.09% and 9.56%. 

No continuous pathway

Continuous pathway

Case A: No continuous diffusion path through interphases

It has been mentioned before that formation of continuous interphase paths for a random distribution of disk-shaped fillers in the polymer matrix could be obtained for an interphase thickness value beyond 0.66 nm. Thus, e int values equal to 0.25 nm and 0.5 nm were considered at first to avoid the creation of these continuous paths. The calculated relative effective diffusivity variation as a function of D int /D 0 for several filler volume fractions f is reported in Figure A.4.12. The sigmoidal shape of the curves is very similar to that obtained in the case of ordered distributions of disks. Three main domains can be distinguished:

the first domain (low D int /D 0 value) is characterized by a plateau (lower asymptote)

where relative effective diffusivity is almost constant for given filler volume fraction and interphase thickness. As in the ordered distribution case, the interphase layer can be considered as impermeable;

the second domain features an increase of D eff /D 0 values with D int /D 0 and a characteristic point corresponding to iso-diffusivity (D eff /D 0 = 1) for which all the curves intersect. the third domain observed at high values of D int /D 0 (beyond 10 4 ) corresponds to a second plateau (upper asymptote) where relative effective diffusivity is higher than 1. 

Case B: Continuous diffusion path through interphases

When fillers are randomly positioned in the RVE, the probability that interphase layers interconnect is very high in comparison with the ordered case. In the present work, we have investigated systems based on ordered filler distribution and random distribution for 7 and 9 vol% fillers. The interphase layer thickness values considered are 0.75 and 1 nm, respectively. For low D int /D 0 values, difference between ordered and random distributions of fillers in the system is not very important. In fact, in this range of values, the contribution of the interphase to the overall diffusivity is not significant regardless if there is a continuous path or not.

It can be seen through Figure A.4.14 that difference between ordered and random distributions is clearly visible for highly diffusive interphases. In the random case, the conditions to form a continuous pathway between interphases are reached whereas the continuous path cannot be obtained for similar interphase thicknesses and filler volume fractions in the ordered case. Moreover, as explained before, the more filler volume fraction is increasing, the more D eff /D 0 values are drastically increasing because interphase layers are being more interconnected. This effect can be confirmed by comparing 

Conclusion

The current work is a numerical investigation of the interphase effect on the overall nanocomposite barrier properties. It has been shown through the developed FEM model that relative effective diffusivity is widely affected by the presence of the interphase for different values of filler volume fraction values. Depending on its quality (less or high diffusive), it can be beneficial or totally detrimental to the nanocomposite barrier properties. The results in the current work showed that the continuous path -caused by the interconnection between interphase layers-is particularly critical for barrier properties in the case of highly diffusive interphases. Indeed, in that case, it can promote the diffusion of the penetrating species, totally counterbalance the tortuosity effect and then leads to effective diffusivity values significantly higher than the diffusivity value of the pure matrix. Moreover, it has been shown that the continuous path effect may occur more easily (e.g. for lower filler volume fractions and thinner interphases) in the random distribution case compared to the regular one.

Part B

Multiphase polymer systems for improved gas separation properties

Chapter 1 Bibliographical study of multiphase polymer systems for improved gas separation properties

An overview of the chapter

After having presented in Part A of this thesis an in-depth analysis of the role of the parameters governing the barrier properties of nanocomposites based on polymer matrices and impermeable fillers, Part B is devoted to another subject of interest in the field of mass transport: the development of membranes for gas separation and especially CO 2 separation, which represents a real challenge nowadays.

Our work is focused on polymer-based membranes containing specific fillers in order improve the functional properties. These membranes are known as Mixed Matrix Membranes (MMMs). We have chosen to work with a promising type of filler that belongs to the metal organic framework (MOFs) family. The idea was to take advantage of the porous structure of the filler to improve the gas transport properties.

As in the case of nanocomposites for barrier properties, several bottlenecks must be addressed to obtain MMMs with interesting functional properties. The control of the filler dispersion state as well as the adaptation of the filler/matrix interface represents crucial parameters for obtaining optimized properties. Indeed the creation of defects at the filler/matrix interface is totally detrimental to the selectivity. On the other hand, a lack of accessibility of the porous structure of the filler by the gas is also detrimental to the membrane functional properties. We propose an original route to optimize the morphology and interfacial properties in our systems: the use of an ionic liquid. Finally a numerical simulation approach based on finite element modeling has been developed to confirm the role played by the ionic liquid in our systems.

Before describing more thoroughly these experimental developments, we will first define in this chapter the parameters of interest for the field of gas separation membranes. An overview of the different routes used to improve gas separation properties of polymer-based membranes will be presented from the analysis of literature data. We will also propose a summary of the existing analytical and numerical models related to gas separation properties.

Background and general description of gas separation membranes

Development of gas separation membranes is one of the fastest expanding technologies in polymer engineering today. In fact, the increasing interest paid on such membranes is due to Conventionally, the efficiency of gas separation membrane can be estimated through the determination of its permeability and selectivity.

The permeability has already been defined in the first part of the manuscript (1.2

The selectivity is defined as the ratio of the permeability of the penetrant -i‖ to the permeability of the penetrant -j‖:

(B.1.1)
This ratio provides a useful measure of the so-called -perm-selectivity‖ of a given membrane for a gas mixture [START_REF] Hellums | Fluorinated polycarbonates for gas separation applications[END_REF].

For gas separation, the most common way used to investigate the functional properties of polymer-based membranes is to work at first on dense membrane and to determine the ideal selectivity.

Assuming that the transport mechanism is governed by a Fickian process, it can be considered that the permeability is equal to the product of the solubility (S ij ) and diffusion (D ij ) coefficients. Thus, the perm-selectivity can be written as:

(B.1.2)
The perm-selectivity is indeed the product of the solubility selectivity and the diffusion selectivity. Diffusion often plays a governing role in the case of glassy polymers for the separation of gases that present a low solubility and significantly different kinetic diameters (for example H 2 /N 2 ). In the case of gas pairs implying CO 2 , the solubility can also play a significant role in the separation properties.

For the most interesting materials, real selectivity can then be studied. The real selectivity is indeed not always equal to the ideal selectivity, which can be due for example to plasticization or gas competition effects [START_REF] Galizia | 50th anniversary perspective : Polymers and mixed matrix membranes for gas and vapor separation : A review and prospective opportunities[END_REF].

Finally asymmetric or composite membranes can also be prepared from the same material in the first case or from the association of different materials in the second case [START_REF] Le | Materials and membrane technologies for water and energy sustainability[END_REF]. Thanks to their specific morphology, consisting in a dense and thin layer supported by a porous structure, these membranes allow to reach a high permeability level while still exhibiting good separation and mechanical properties.

Thus, it appears that in the whole membrane design process, the first step consisting in the selection or development of the polymer-based material with appropriate permeability and selectivity is crucial.

As stated above, permeability and selectivity are the main parameters describing the performance of a membrane: an ideal membrane is very permeable and highly selective.

Unfortunately, polymeric membranes showing high selectivity are generally lowly permeable and vice versa [START_REF] Robeson | Polymer membranes for gas separation[END_REF].

It Copolymer families (e.g. Ethylene oxide/propylene oxide-amide)

Polyimides have been one of the most widely used polymers for gas separation applications.

They are rigid and stable, thanks to their high glass transition temperatures. They are obtained by polycondensation reactions of dianhydrides with diamines and it is easy to tune the free volume in this membranes by the appropriate choice of the monomers ( 2006). Although they are permeable, polysulfones are used for some gas separation applications (such as hydrogen recovery). Hollow fibers are prepared from PSF which is the most commercially used polymer [START_REF] Fried | Gas Diffusion and Solubility in Poly(organophosphazenes) : Results of Molecular Simulation Studies[END_REF]. A series of substituted polycarbonates of bisphenol-A have also been shown to have an attractive combination of permeability and perm-selectivity properties depending on the size and number of the groups that are grafted on the aromatic ring of the polymer [START_REF] Hellums | Fluorinated polycarbonates for gas separation applications[END_REF].

In addition to the aforementioned polymers, a new class of polymeric membranes having high permeability has been developed consisting in PIMs (Polymers with Intrinsic Micro-porosity).

These materials have shown good separation properties for different gas pairs such as CO 2 /CH 4 (C. [START_REF] Liu | Advanced Materials and Membranes for Gas Separations : The UOP Approach[END_REF]. Their behavior is assigned to their rigid molecular structure and very high free volume. Unfortunately, membranes from PIMs are cost effective and remain complicated to implement in the form of membranes.

In parallel with the development of organic membranes, an evolution has also been observed concerning inorganic membranes. The main interests of these membranes are their thermal and chemical stability and their high plasticization resistance to condensable gases (C. Liu et al., 2016).

Inorganic molecular sieve membranes (molecular sieve, carbon molecular sieves …) and zeolitic imidazolate frameworks have shown excellent separation properties (C. [START_REF] Liu | Advanced Materials and Membranes for Gas Separations : The UOP Approach[END_REF].

Carbon molecular sieves are considered as very high free-volume materials containing slitshaped pores [START_REF] Bernardo | Membrane Gas Separation : A Review/State of the Art[END_REF]. They have been prepared in both supported and unsupported forms. Interesting gas separations were reported for these membranes especially for O 2 /N 2 separation. However, despite these interesting properties, they present several drawbacks such as their brittleness [START_REF] Koresh | The Carbon Molecular Sieve Membranes. General Properties and the Permeability of CH4/H2 Mixture[END_REF]Koros & Mahajan, 2000;[START_REF] Saufi | Fabrication of carbon membranes for gas separation--a review[END_REF]) and the presence of defects. Moreover, the gas transport mechanism is very complex depending on the temperature and upstream pressure. In addition, compared to polymeric membranes, those membranes are very costly and difficult to be transformed into a high surface area module [START_REF] Vu | Mixed matrix membranes using carbon molecular sieves : II. Modeling permeation behavior[END_REF]. However, the species used to prepare inorganic membranes have inspired new developments in connection with polymers: the socalled mixed matrix membranes.

Mixed Matrix membranes

Since polymeric membranes have low separation performance characteristics compared to inorganic materials, various alternatives have been developed to find a compromise between the needs of the industry and actual membranes properties (S. [START_REF] Sridhar | Membrane-based Gas Separation : Principle[END_REF]. The multiphase approach consisting in the dispersion of inorganic porous fillers within polymer matrix seems to be a good solution. The obtained membranes are called mixed matrix membranes (MMMs) where a combination of the high gas separation properties of molecular sieves materials and the desirable mechanical properties of polymers is sought [START_REF] Moore | Hybrid membrane materials comprising organic polymers with rigid dispersed phases[END_REF]. The properties of mixed matrix membranes depend on the selection of the inorganic dispersed phase. Several studies have reported the use of zeolite [START_REF] Breck | Zeolite Molecular Sieves : Structure, Chemistry and Use[END_REF][START_REF] Van Rooyen | Gas barrier properties of oxyfluorinated graphene filled polytetrafluoroethylene nanocomposites[END_REF], carbon molecular sieves [START_REF] Bertelle | Study of polymercarbon mixed matrix membranes for CO2 separation from flue gas[END_REF][START_REF] Chung | Mixed matrix membranes (MMMs) comprising organic polymers with dispersed inorganic fillers for gas separation[END_REF][START_REF] Espuche | Gas Diffusion in Multiphase Polymer Systems[END_REF] and more recently Metal Organic

Framework [START_REF] Espuche | Gas Diffusion in Multiphase Polymer Systems[END_REF][START_REF] Liu | Advanced Materials and Membranes for Gas Separations : The UOP Approach[END_REF][START_REF] Vu | Mixed matrix membranes using carbon molecular sieves : II. Modeling permeation behavior[END_REF] as fillers. We can observe that all fillers types have been used in combination with glassy as well as rubbery polymer matrix. In the following part, we will more particularly focus on MMMs based on glassy polymers because our experimental work involves polyetherimide matrix.

The aim will be first to give some examples of the performances that can be reached with MMMs. Then we will discuss the problems to face during the MMM preparation in order to obtain optimized properties.

Functional properties of glassy polymer-based MMMs

Zeolites

Zeolites are characterized by their high surface area and the regularity of their pores structure [START_REF] Darrin | Handbook of space engineering, archaeology, and heritage[END_REF]. [START_REF] Süer | Gas permeation characteristics of polymer-zeolite mixed matrix membranes[END_REF]. It has been reported by Chung et al. [START_REF] Chung | Mixed matrix membranes (MMMs) comprising organic polymers with dispersed inorganic fillers for gas separation[END_REF][START_REF] He | The Latest Development on Membrane Materials and Processes for Postcombustion CO2 Capture : A Review[END_REF] that the morphology and the separation properties of the mixed matrix membranes based on zeolites are related to the properties of both polymer and inorganic fillers. For example, zeolite-4A was incorporated in PES matrix by Süer and coworkers and an improvement in CO 2 permeability by a factor around 4 was observed [START_REF] Süer | Gas permeation characteristics of polymer-zeolite mixed matrix membranes[END_REF]). The same system exhibited an increase of CO 2 /N 2 selectivity by a factor of 2.

Incorporating
Zeolite-4A and Matrimid mixed matrix films showed an important increasing of O 2 permeability from 1.32 to 4 Barrer [START_REF] Mahajan | Challenges in forming successful mixed matrix membranes with rigid polymeric materials[END_REF]. Other mixed matrix membranes have been developed combining zeolite-L with the copolymer composed of the glassy polyimide (6FDA-6FPDA) and the polymer polydimethylsiloxane (PDMS) leading to a significant increasing of O 2 permeability from 4 to 44 Barrer (Pechar et al., 2006).

Carbon molecular sieves (CMS)

Those materials are characterized by their high porosity which justifies their use in the fabrication of MMMs. Vu and coworkers prepared mixed matrix membranes of Matrimid and CMS and showed that CO 2 /CH 4 selectivity has increased of about 45% [START_REF] Vu | Mixed matrix membranes using carbon molecular sieves : II. Modeling permeation behavior[END_REF]. In the same work, CMS particles (35 vol%) have been incorporated into Ultem matrix and the gas permeation tests showed an enhancement of more than 40% in CO 2 /CH 4 selectivity over the corresponding selectivity of the pure Ultem matrix.

Factors influencing the membrane preparation

The addition of fillers to the polymer matrix must be done considering the adhesion between both phases. Some experimental works have faced difficulties in the preparation of MMMs because of the formation of some voids at the interface between glassy polymers and zeolites [START_REF] Duval | Adsorbent filled membranes for gas separation. Part 1. Improvement of the gas separation properties of polymeric membranes by incorporation of microporous adsorbents[END_REF]. In this work, different strategies have been developed to solve this problem consisting in modifying the external surface of zeolites or even adding some plasticizers to increase polymers flexibility (Mahajan et al., 2002;Mahajan & Koros, 2002a;[START_REF] Yong | Zeolite-filled polyimide membrane containing 2,4,6-triaminopyrimidine[END_REF].

Going into more details, the fabrication of MMMs depends on two main factors in order to be efficient for gas separation applications:

-Interfacial morphology Several experimental works have shown that the low adhesion between both components could be due to the formation of some voids at the interface which is the result of the dewetting of polymer chains at the external surface of fillers (this is currently observed in the case of glassy polymers) [START_REF] Car | Hybrid membrane materials with different metal-organic frameworks (MOFs) for gas separation[END_REF][START_REF] Duval | Adsorbent filled membranes for gas separation. Part 1. Improvement of the gas separation properties of polymeric membranes by incorporation of microporous adsorbents[END_REF][START_REF] Husain | Mixed matrix hollow fiber membranes made with modified HSSZ-13 zeolite in polyetherimide polymer matrix for gas separation[END_REF]. To overcome those issues, thermal annealing and liquid addition (such as the poly(RTILs)) to wet the polymer matrix and the particle have been proposed by Hudiono et al. [START_REF] Hudiono | Novel mixed matrix membranes based on polymerizable room-temperature ionic liquids and SAPO-34 particles to improve CO2 separation[END_REF].

A partial blockage of the particles pores by polymer chains may also occur in some systems leading to a decrease of gas permeability with respect to that expected by considering an ideal binary system.

In some other systems, deviations of gas transport properties with respect to ideal binary systems have been assigned to polymer rigidification in the vicinity of the fillers.

Thus, it appears that interfacial phenomena can play a major role in MMMs' gas transport

properties.

-Dispersion of fillers

The development of membranes with enhanced gas transport properties generally requires the incorporation of a high amount of fillers in the polymer matrix. The idea is to promote the formation of continuous diffusion path through the porous fillers and then to achieve good separation properties could be obtained. However, as in the case of nanocomposite systems (Part A of this thesis), increasing filler volume fraction can lead to undesired morphologies such as the dispersion of high sized filler agglomerates within the matrix, which can constitute a main cause of the reduction of membrane selectivity [START_REF] Dong | Challenges and opportunities for mixed-matrix membranes for gas separation[END_REF]. The so-called -prime‖ protocol has been proposed by Mahajan et al. (Mahajan et al., 2002;Mahajan & Koros, 2000) which aims to avoid the agglomeration of fillers. It consists in adding a portion of the polymer solution to the particles suspension and then a decantation will take place.

Another alternative to achieve a good dispersion of the fillers consists in incorporating the inorganic fillers in the solvent rather than in the polymer solution before mixing both To sum up, MMMs are considered as a promising route for gas separation membranes.

Obtaining interesting properties basically requires the use of large quantity of fillers and the control of both fillers dispersion and filler-matrix interfaces.

Polymer/Ionic Liquids membranes

Despite the huge success of polymeric membranes and MMMs in gas separation applications, the CO 2 concern requires today the development of novel materials with enhanced performances. In this context, Favre and coworkers for example developed hollow fiber micro-porous membranes combined with amine based absorption mechanism [START_REF] Boucif | CO2 capture in HFMM contactor with typical amine solutions : A numerical analysis[END_REF]. In this section, we will focus on the use of ionic liquids as a new alternative to fabricate highly effective membranes for gas separation applications [START_REF] Magana | Influence of different alkylmethylimidazolium tetrafluoroborate ionic liquids on the structure of pebax® films. Consequences on thermal, mechanical, and water sorption and diffusion properties[END_REF].

Ionic liquids (ILs) have gained an important growth and interest thanks to their various properties [START_REF] Tomé | Development of new membranes based on ionic liquid materials for gas separation[END_REF]. Those salts have melting points below 100°C caused by the low intermolecular interactions of their asymmetrical ions and the delocalization of their charges (V. [START_REF] Plechkova | Applications of ionic liquids in the chemical industry[END_REF]. Apart from their melting point, the utility of the ionic liquids can be determined through their viscosity which is ranging between 15 cP and 3000 cP [START_REF] Hojniak | Ionic Liquids for Carbon Dioxide Separation on Membranes[END_REF]. Moreover, they are always referred to as -green solvents‖ thanks to their non-volatility and recyclability. Ionic liquids can be used for gas separation applications according to various ways. The most cited approach in literature is the supported ionic liquid membranes (SILMs) [START_REF] Tomé | Development of new membranes based on ionic liquid materials for gas separation[END_REF],

where IL is occluded in the pores of a polymeric membrane by capillary forces [START_REF] Morgan | Diffusivities of Gases in Room-Temperature Ionic Liquids : Data and Correlations Obtained Using a Lag-Time Technique[END_REF]. Those membranes make the best use of the properties of ILs, role to control the CO 2 solubility. Hereinafter are reported some experimental values of CO 2 permeability and CO 2 /N 2 selectivity for different IL having different anions with the same cation. [START_REF] Cserjési | Gas separation properties of supported liquid membranes prepared with unconventional ionic liquids[END_REF][START_REF] Robeson | The upper bound revisited[END_REF][START_REF] Scovazzo | Long-term, continuous mixed-gas dry fed CO2/CH4 and CO2/N2 separation performance and selectivities for room temperature ionic liquid membranes[END_REF]. Since SILMs separation performance is strongly dependent on the used IL, hereinafter are cited some of the important criteria to take into account in order to obtain promising IL-based membranes for CO 2 /N 2 or CO 2 /CH 4 separations [START_REF] Hojniak | Ionic Liquids for Carbon Dioxide Separation on Membranes[END_REF] :

melting point Nevertheless, SILMs stability is still a major issue for gas separation applications due to the high pressure differential across the membranes [START_REF] Tomé | Development of new membranes based on ionic liquid materials for gas separation[END_REF].

To overcome the drawbacks of SILMs, the incorporation of IL into a polymer matrix seems to be a good alternative to promote their use in gas separation applications. Polymer/ionic liquid membranes are usually prepared by the dispersion of the IL in polymer solution prior to the membrane formation.

Hong and coworkers [START_REF] Hong | Polymer-ionic liquid gels for enhanced gas transport[END_REF] were obtained [START_REF] Bernardo | Gas transport properties of Pebax®/room temperature ionic liquid gel membranes[END_REF]. Magana and coworkers developed Pebax-IL membranes to study the water sorption and diffusion properties of the prepared membranes [START_REF] Magana | Influence of different alkylmethylimidazolium tetrafluoroborate ionic liquids on the structure of pebax® films. Consequences on thermal, mechanical, and water sorption and diffusion properties[END_REF]. An enhancement of diffusion rate was evidenced below 30 wt% IL. For membranes prepared from polymer/IL mixtures, the migration of IL at the film surface can occur. This migration phenomenon prevents the incorporation of high filler rates and is detrimental to the stability of the membranes.

Thus another approach to use IL for gas separation applications was developed: the PILs (Polymeric Ionic Liquids) approach. PILs are a subclass of polyelectrolytes that contains IL species connected through a polymeric backbone to form a macromolecular architecture [START_REF] Green | The Design of Polymeric Ionic Liquids for the Preparation of Functional Materials[END_REF][START_REF] Jourdain | 1,2,3-Triazolium-based linear ionic polyurethanes[END_REF][START_REF] Mecerreyes | Polymeric ionic liquids : Broadening the properties and applications of polyelectrolytes[END_REF][START_REF] Yuan | Poly(ionic liquid)s : Polymers expanding classical property profiles[END_REF][START_REF] Yuan | Poly(ionic liquid)s : An update[END_REF]. The development of such materials is based on the free radical polymerization of ionic liquid monomers or via chemical modification of the polymers [START_REF] Marcilla | Tailor-made polymer electrolytes based upon ionic liquids and their application in all-plastic electrochromic devices[END_REF]. The importance of this material family in gas separation applications can be attributed to the development of new original PIL chemical structures and also to the introduction of new types of cations and anions in the IL structure. PIL-based membranes are characterized by their good stability [START_REF] Tomé | Development of new membranes based on ionic liquid materials for gas separation[END_REF][START_REF] Tomé | Poly(ionic liquid)s : Designing CO2 Separation Membranes[END_REF]. Consequently, they have been considered as alternative solid sorbents for CO 2 capture. It has been shown by Tang and coworkers that imidazolium-based PILs exhibit higher CO 2 absorption capacity than the corresponding ILs [START_REF] Tang | Enhanced CO2 absorption of poly (ionic liquid) s[END_REF]. In the same context, new series of PILs based on polyurethane which were considered as low cost materials, have been developed and showed excellent CO 2 sorption performance compared to other PILs (75.7 mol% at 20 bar) [START_REF] Magalhães | Syntheses and characterization of new poly(ionic liquid)s designed for CO2 capture[END_REF].

Since an ideal membrane should combine adequate permeability and perm-selectivity properties, a new concept combining PIL and IL appears as a good way to achieve membranes with higher gas permeabilities while maintaining their mechanical stability. Bara et al. [START_REF] Bara | Improving CO2 permeability in polymerized room-temperature ionic liquid gas separation membranes through the formation of a solid composite with a room-temperature ionic liquid[END_REF] were the first to prepare such membranes by the polymerization of an IL monomer in the presence of a non-polymerizable IL (free IL).

Their prepared membranes recorded very large gas permeability improvements (CO 2 permeability was around 44 Barrer while N 2 and CH 4 permeability values were 1.1 and 1.6

Barrer respectively; CO 2 /N 2 and CO 2 /CH 4 selectivities were 39 and 27 respectively) which inspired other researchers to pursue their approach.

Li and coworkers (P. [START_REF] Li | CO2 Separation from Flue Gas Using Polyvinyl-(Room Temperature Ionic Liquid)-Room Temperature Ionic Liquid Composite Membranes[END_REF] synthesized different PIL/IL composite membranes and showed that the incorporation of the ionic liquid caused an increase in the free volume of the membranes and thus an enhancement of the CO 2 and N 2 permeability, solubility and diffusivity coefficients. N 2 permeability has increased from 4.55 to 21.6 Barrer and CO 2 permeability increased from 101.4 to 559.5 Barrer.

Unfortunately, this approach did not have a significant effect on CO 2 /N 2 perm-selectivities (P. [START_REF] Li | CO2 Separation from Flue Gas Using Polyvinyl-(Room Temperature Ionic Liquid)-Room Temperature Ionic Liquid Composite Membranes[END_REF] permeability values and also an enhancement of CO 2 /N 2 perm-selectivity.

Other studies dealt with this subject using the same strategy [START_REF] Carlisle | CO2/light gas separation performance of cross-linked poly(vinylimidazolium) gel membranes as a function of ionic liquid loading and cross-linker content[END_REF] and confirmed that the enhancement of gas separation properties could be achieved through the addition of free IL. Moreover, it has been shown through those works that the choice of the appropriate IL is crucial in the tailoring of the PIL-IL membrane properties for improving their CO 2 separation performance [START_REF] Tomé | Development of new membranes based on ionic liquid materials for gas separation[END_REF].

Thus, an increasing interest was paid to IL during the last years with the aim to obtain membranes with improved selectivity while keeping a good stability. Hereinafter, we will describe another original way to use IL that has caught our attention.

MMMs/IL membranes

We have seen that researchers encountered different challenges when preparing twocomponent membranes for gas separation applications. For example, for MMMs, the interfacial defects and poor adhesion between inorganic fillers and polymer matrix was identified as a major problem in the preparation of the membranes (M. [START_REF] Li | Pebax-based composite membranes with high gas transport properties enhanced by ionic liquids for CO2 separation[END_REF]. To solve such problems, a new strategy has been developed which consists in adding ionic liquids within mixed matrix membranes. [START_REF] Hudiono | Novel mixed matrix membranes based on polymerizable room-temperature ionic liquids and SAPO-34 particles to improve CO2 separation[END_REF] showed in their work that the addition of IL ([Emim] [Tf2]) to the MMMs enhanced the interfacial adhesion between the polymer matrix (Styrene-based poly(RTIL) and Vinyl-based poly(RTIL)) and inorganic fillers (SAPO-34) as well as CO 2 adsorption.

For the first polymer, their results showed that the addition of the zeolite and the ionic liquid (12 wt% RTIL and 40 wt% SAPO-34) increases the overall permeability (CO 2 permeability for example increases from 9.2 to 66.2 Barrer) and CO 2 /CH 4 selectivity. However, the addition of the filler and the IL does not have a significant effect on the CO 2 /N 2 selectivity (around 34.7).

Results for the second polymer showed high CO 2 permeability values ranging between 67.3 and 527.2 Barrer which is attributed to the longer alkyls substituents in this polymer.

Furthermore, the addition of the IL and fillers (36 wt% RTIL and 40 wt% SAPO-34) to the polymer has increased CO 2 /CH 4 selectivity by almost 81%.

Mohshim and his team [START_REF] Mohshim | The effect of incorporating ionic liquid into polyethersulfone-SAPO34 based mixed matrix membrane on CO2 gas separation performance[END_REF]) also showed that incorporating ionic liquid into mixed matrix membranes is a good way to improve the compatibility between fillers and polymer matrix by reducing the agglomeration of fillers. They have incorporated 20 wt% of [Emim] [Tf2] into a polyethersulfone-SAPO-34 mixed matrix membrane containing a filler amount of 20 wt% and showed that the ideal CO 2 /CH 4 selectivity reached 62.6 which is high compared to the pure mixed matrix membrane (20.7).

Recently, metal-organic frameworks (MOFs) have been used in such systems thanks to their various functionalities and high porosity compared to zeolites and carbon molecular sieves (H. Li et al., 2016). Several researchers have focused their work on those systems [START_REF] Hao | Room temperature ionic liquid/ZIF-8 mixedmatrix membranes for natural gas sweetening and post-combustion CO2 capture[END_REF]H. Li et al., 2016). 

Modeling of gas transport properties

Concurrently to the experimental development of MMMs, an increasing interest has been paid

to the modeling of their gas transport properties. This section focuses on reviewing the analytical and numerical models available in literature for describing mass transfer in MMMs for gas separation applications.

Analytical modeling

Models for gas transport in MMMs

Several models have been developed in order to predict the relationship between MMMs physical properties and their transport properties.

Models for gas transport in ideal MMMs

In these models, MMMs are assumed to be ideal binary systems meaning that they don't present any defect. The calculation of the permeability of MMMs requires a prior knowledge of the permeability of gas through the continuous phase (the polymer matrix) and the dispersed phase (fillers), respectively [START_REF] Keskin | Selecting metal organic frameworks as enabling materials in mixed matrix membranes for high efficiency natural gas purification[END_REF]. One of the most classic and known models which was adapted from electrical models is the Maxwell and Bruggeman model [START_REF] Banhegyi | Comparison of electrical mixture rules for composites[END_REF][START_REF] Basu | Asymmetric Matrimid®/[Cu3 (BTC) mixed-matrix membranes for gas separations[END_REF][START_REF] Bouma | Permeation through a heterogeneous membrane : The effect of the dispersed phase[END_REF][START_REF] Chung | Mixed matrix membranes (MMMs) comprising organic polymers with dispersed inorganic fillers for gas separation[END_REF][START_REF] Keskin | Selecting metal organic frameworks as enabling materials in mixed matrix membranes for high efficiency natural gas purification[END_REF].

The Maxwell model is basically dedicated to the study of the electrical conductivity of composite materials. It has also been used to predict Mixed Matrix Membranes effective permeability (P eff ) according to the following equation:

(B.1.3) assuming that P 0 and P d are the permeability coefficients of the neat polymer and the dispersed phase, respectively, and is the dispersed phase volume fraction. The validity of this model is limited to low filler volume fractions since it assumes that mass transport around fillers is not affected by the presence of nearby particles [START_REF] Bouma | Permeation through a heterogeneous membrane : The effect of the dispersed phase[END_REF].

Increasing filler volume fraction in the polymer matrix requires the use of another model, which was developed first, as the Maxwell model, to predict dielectric properties of composite materials. Bruggeman model has been applied to predict gas transport properties of mixed matrix membranes for higher filler volume fractions and the corresponding equation can be written as follows:

( ) ( * (B.1.4)
Despite its use to predict gas transport properties for relatively high filler volume fractions, Bruggeman equation has some limitations [START_REF] Dong | Challenges and opportunities for mixed-matrix membranes for gas separation[END_REF]:

it cannot be applied for very high filler volume fractions (>0.2);

it does not take into account the filler shape and dimensions which are very important parameters that could affect MMMs transport properties it requires numerical solution [START_REF] Aroon | Performance studies of mixed matrix membranes for gas separation : A review[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF].

Nielsen [START_REF] Lewis | Dynamic mechanical properties of particulate-filled composites[END_REF][START_REF] Nielsen | Models for the Permeability of Filled Polymer Systems[END_REF] developed a model which can be applied for high filler volume fractions. It was initially dedicated to predict the elastic modulus in composite materials. The developed equation can be written as follow:

( ) ( ) ( ) ( ) (B.1.5)
assuming that where f max is the maximum value of filler volume fraction.

Moreover, Cussler and coworkers (Monsalve-Bravo & Bhatia, 2018;[START_REF] Pal | New models for thermal conductivity of particulate composites[END_REF] developed a model in which the membrane was modeled as a superposition of layers: one containing only polymer and the other containing both polymer and fillers. The model is called an -idealized resistance model‖ through which the ideal selectivity of two gases i and j was derived and written as:

(B.1.6)
where ω is the ratio between polymer and fillers diffusion coefficients respectively, f is the filler volume fraction, α is their aspect ratio and ψ is the selectivity of the fillers.

Additionally, Pal and coworkers [START_REF] Pal | New models for thermal conductivity of particulate composites[END_REF] developed a model dedicated at first to thermal conductivity in composite materials which can also be applied for the prediction of gas separation properties of MMMs. It is given by the following equation: As previously discussed, in real MMMs, the contact between polymer matrix and fillers is not perfect, which means that the models cited above don't fit exactly with the actual properties of the so-called -non-ideal mixed matrix membranes‖. [START_REF] Koros | Gas separation membranes : Needs for combined materials science and processing approaches[END_REF] modified the Maxwell model in order to take into account non-ideal interfaces between the polymer and filler phases (i.e. more specifically to account for the formation of voids at the interface). Accordingly, the Maxwell equation was modified as follows:

( ) ( 
(B.1.8) assuming that P eff is the composite permeability and is the voids volume fraction.

Li and coworkers (Y. [START_REF] Li | Effects of novel silane modification of zeolite surface on polymer chain rigidification and partial pore blockage in polyethersulfone (PES)-zeolite A mixed matrix membranes[END_REF]) developed an analytical model describing mass transport in zeolite-A mixed matrix membranes by considering the mixed matrix membrane as a pseudo three-phase composite where a partial pore blockage of zeolites and polymer chain rigidification is occurring. The derived equation is the following:

(B.1.9) assuming that is blocked pores volume fraction.

Models for gas transport in Polymer/IL membranes

The general mechanism of gas transport through such membranes is described by a solutiondiffusion model [START_REF] Wijmans | The solution-diffusion model : A review[END_REF]. To design an efficient gas separation membrane, it is necessary to model the effect of IL on those properties. The simplest mathematical models existing in literature [START_REF] Mannan | Prediction of CO2 gas permeability behavior of ionic liquid-polymer membranes (ILPM)[END_REF] are the logarithmic, series and parallel models which were dedicated to estimate the permeability of gases in a blend of two components: Those mathematical models have been applied for Polymer/IL membranes but they have some drawbacks such as considering the polymer and ionic liquid as a single phase which is not actually true for most of the ionic liquid-polymeric membranes [START_REF] Mannan | Prediction of CO2 gas permeability behavior of ionic liquid-polymer membranes (ILPM)[END_REF].

Mannan et al. [START_REF] Mannan | Prediction of CO2 gas permeability behavior of ionic liquid-polymer membranes (ILPM)[END_REF] have used the modified Maxwell model to predict gas transport properties through their systems which is given by the following equation: assuming that is the optimized value of the dispersed phase volume fraction (0 < β eff < ∞).

Models for gas transport in MMMs/IL membranes

Modeling of gas transport through MMMs/IL membranes was studied by Mohshim et al. [START_REF] Mohshim | The effect of incorporating ionic liquid into polyethersulfone-SAPO34 based mixed matrix membrane on CO2 gas separation performance[END_REF]. The functional properties were estimated by the Maxwell-Wagner-Sillar (MWS) model, which was modified in order to fit the experimental results. The developed equation is given as follow:

(B.1.12)

where is the corrected shape factor and f w is the volume fraction of wetted dispersed phase through the three-component membranes. f w is given by: (B.1.13)

The model showed good prediction of CO 2 relative permeability compared to existing experimental data.

In conclusion, almost all the models found in literature to predict gas separation properties of two-component and three-component systems are derived from the Maxwell model which can be modified depending on the studied systems and the corresponding conditions. The different equations are summarized in Table B.1.7. 

Numerical modeling

This section is devoted to the numerical analysis of transport properties of mixed matrix membranes. Although various analytical models exist in literature to describe mass transport through these membranes, they present some limitations such as not considering the effect of the adsorption equilibrium at the polymer/filler interface [START_REF] Singh | Wan[END_REF].

Moreover, most of analytical models do not consider the non-idealities of the MMMs such as the presence of interfacial voids or rigidified regions in the polymers. Including those complexities in models usually leads to mathematical formulations that can only be solved numerically.

A 2D numerical model has been developed by Boom and coworkers (Boom et al., 1998) considering a single filler placed in a matrix to predict the permeation behavior of zeolite/polymer MMMs. The mass transport was considered as Fickian and the obtained results showed that the interfacial adsorption equilibrium is an important factor to predict the permeation behavior in the MMMs.

Later, Singh et al. [START_REF] Singh | Wan[END_REF] expanded the previous model to a 3D geometry considering dispersed spherical fillers in the polymer matrix. Their model was based on the Finite Element Method and mass transfer was described by Fick's law. The objective of their simulations was to calculate the effective diffusivity in the MMM.

The predicted relative effective diffusivity was shown to increase when the filler volume fraction increased. These results were in agreement with the analytical models when the interface equilibrium constant was set to unity. However, it was shown through the model that the interface equilibrium and the ratio of the filler diffusivity to the matrix diffusivity are the factors that govern MMMs permeability.

Moreover, the developed model takes into account the effect of filler size and no important effect of this parameter on the MMM permeability was demonstrated. These calculations showed also that the non-idealities of MMMs (such as the presence of interfacial voids or rigidified polymeric regions at the interface with the filler) must be taken into account in order to describe transport and adsorption behavior through MMMs.

Wang and coworkers have reported a method to estimate the effective diffusivity through MMMs where fillers had a tubular shape (T. P. [START_REF] Wang | Predictions of effective diffusivity of mixed matrix membranes with tubular fillers[END_REF].

The considered geometry in their work is the following: as fillers distribution, aspect ratio, orientation, etc. It has been shown that diffusivity strongly depends on filler spatial distribution, which was preferred to be normal to the mass transfer direction (the z-axis direction) in order to maximize the effective diffusivity. Furthermore, it has been shown through the developed model that filler aspect ratio does not have a significant effect when fillers are randomly oriented in the MMM. However, a high aspect ratio is beneficial when fillers are normally oriented to the flux direction. In addition, it has been demonstrated that MMM diffusivity is improved when fillers are very highly diffusive.

The same authors studied later the effective diffusivity and selectivity of mixed matrix membranes with layered fillers (T. P. [START_REF] Wang | Highly selective mixed-matrix membranes with layered fillers for molecular separation[END_REF]. The objective of the built model was to investigate the effects of fillers aspect ratio, shape, and orientation on the transport properties taking into account anisotropic diffusivity of the fillers.

Mass transfer in MMMs was described by Fick's law, which was solved numerically using the finite element method. It has been shown through the obtained results that when diffusivity is anisotropic in the fillers (meaning that the in-plane diffusivity is different from diffusivity. Indeed, it has been shown that increasing the thickness of the skin layer, which can lead to a reduction of fillers size, enhances the overall diffusivity. Moreover, decreasing its interior diameter could also increase the relative effective diffusivity values. Finally, the built model suggests that the diffusivity calculated for the hollow fiber MMMs is higher than for the respective dense MMMs (A. C. [START_REF] Yang | Estimations of effective diffusivity of hollow fiber mixed matrix membranes[END_REF].

The impact of fillers structural parameters on MMMs was studied also by Azimi et al. [START_REF] Azimi | On the Effective Permeability of Mixed Matrix Membranes[END_REF]) who built a 3D numerical model based on finite difference method by solving Fick's equation of diffusion. They have considered a uniform distribution of cubical, cylindrical and spherical fillers in the membrane. Their results showed that fillers volume fraction had an impact on the overall permeability. As in previous works, they have shown that fillers dimensions do not have a significant effect on the transport properties.

Moreover, results also showed that the relative effective permeability of MMMs was higher for cylindrical fillers having a vertical orientation to the flux direction compared to horizontal cylinders under identical conditions.

To conclude, it must be noticed that only few numerical models investigating the transport properties in mixed matrix membranes can be found in the literature. Moreover, most of analytical cited models are mainly interested in permeability while numerical models do not take into account the aggregation effect of fillers in the MMMs. In this work, we will propose a 3D numerical approach based on finite element method to investigate filler effect on gas diffusion properties of the different studied mixed matrix membranes. Indeed, this factor will be identified as the governing parameter of the transport in our materials series. In our modeling approach, the formation of filler aggregates will be considered and the predictions will be compared to our experimental results in order to evaluate the effectiveness of the proposed model and to highlight the structural parameters that influence significantly the transport properties of our mixed matrix membranes.

Conclusion

This chapter has reviewed the parameters governing gas transport through multiphase polymer-based systems for gas separation applications and has presented the available analytical and numerical models dealing with this phenomenon.

Those systems are basically made of a polymer matrix and various fillers which can be liquids such as the Ionic Liquid or permeable organic/inorganic fillers. It has been shown through this chapter that gas transport properties are related to different parameters including the polymer and fillers properties as well as morphological and interfacial parameters. Moreover, a literature survey of the analytical and numerical models predicting the transport properties of the studied systems has been presented. In the next chapter, we will focus on the investigation of gas transport in two-and three-component systems based on PEI, ZIF and IL through an experimental study in order to expand the works cited previously and develop new conclusions concerning the governing parameters of gas diffusion. In addition, a modeling approach will be proposed in order to validate the experimental results and highlight the effects of various parameters on the transport properties of multiphase polymer systems.

Introduction

Global warming is recognized by almost all atmospheric scientists as a significant environmental problem caused by an increase in levels of certain trace gases in earth's atmosphere since the beginning of the Industrial Revolution in the mid-18th century. These gases, collectively called greenhouse gases, include carbon dioxide (CO 2 ) [START_REF] Jacobson | Review of Solutions to Global Warming[END_REF][START_REF] Smithson | Climate change 2001 : The scientific basis. Contribution of Working Group 1 to the Third Assessment Report of the Intergovernmental Panel on Climate Change[END_REF][START_REF] Tollefson | Nations approve historic global climate accord[END_REF]. Removing CO 2 from gas mixtures emitted by human activity is of crucial importance to cut down its atmospheric concentration increase [START_REF] Metz | IPCC special report on carbon dioxide capture and storage. Intergovernmental Panel on Climate Change[END_REF]. Different strategies have been developed for that purpose including sorbents/solutions methods, cryogenic distillation methods and membranes separation methods [START_REF] Bredesen | High-temperature membranes in power generation with CO2 capture[END_REF][START_REF] Favre | Membrane processes and postcombustion carbon dioxide capture : Challenges and prospects[END_REF][START_REF] Hägg | CO2 capture from natural gas fired power plants by using membrane technology[END_REF][START_REF] Ho | Reducing the cost of CO2 capture from flue gases using pressure swing adsorption[END_REF][START_REF] Oyenekan | Energy performance of stripper configurations for CO2 capture by aqueous amines[END_REF][START_REF] Powell | Polymeric CO2/N2 gas separation membranes for the capture of carbon dioxide from power plant flue gases[END_REF][START_REF] Rochelle | Amine Scrubbing for CO2 Capture[END_REF][START_REF] Tuinier | Cryogenic CO2 capture using dynamically operated packed beds[END_REF][START_REF] Wang | Post-combustion CO2 capture with chemical absorption : A state-of-the-art review[END_REF]. The latter is a promising technique because of its advantages concerning energy savings, small footprint and environmental sustainability [START_REF] Baker | Future directions of membrane gas separation technology[END_REF][START_REF] Baker | Natural Gas Processing with Membranes : An Overview[END_REF]Koros, 2002). More particularly, polymeric membranes are the most widely used for separation applications [START_REF] Freeman | Polymeric Materials for Gas Separations[END_REF][START_REF] Maier | Gas Separation with Polymer Membranes[END_REF][START_REF] Stern | Polymers for gas separations : The next decade[END_REF]. However, the challenge of enhancing both gas permeability and selectivity of polymeric membranes suggests the incorporation of selective and highly permeable fillers into the polymer matrix to form mixed matrix membranes (MMMs) [START_REF] Hibshman | The gas separation effects of annealing polyimide-organosilicate hybrid membranes[END_REF][START_REF] Joly | Polyimide-Silica Composite Materials : How Does Silica Influence Their Microstructure and Gas Permeation Properties[END_REF][START_REF] Kim | Gas permeation properties of poly(amide-6-b-ethylene oxide)-silica hybrid membranes[END_REF][START_REF] Merkel | Ultrapermeable, Reverse-Selective Nanocomposite Membranes[END_REF][START_REF] Moaddeb | Gas transport properties of thin polymeric membranes in the presence of silicon dioxide particles[END_REF][START_REF] Suzuki | Physical and Gas Transport Properties of Novel Hyperbranched Polyimide -Silica Hybrid Membranes[END_REF]. Zeolitic imidazolate frameworks (ZIFs) are a new class of inorganic materials that have been extensively mixed with polymer matrix for gas separation applications in the last decade [START_REF] Banerjee | High-Throughput Synthesis of Zeolitic Imidazolate Frameworks and Application to CO2 Capture[END_REF][START_REF] Dai | Ultem®/ZIF-8 mixed matrix hollow fiber membranes for CO2/N2 separations[END_REF][START_REF] Li | Design and synthesis of an exceptionally stable and highly porous metal-organic framework[END_REF][START_REF] Yaghi | Reticular synthesis and the design of new materials[END_REF]. They are characterized by their exceptional thermal and chemical stability (X.-C. Huang, Lin, Zhang, & Chen, 2006; K. S. [START_REF] Park | Exceptional chemical and thermal stability of zeolitic imidazolate frameworks[END_REF], high sorption capacity and their high surface areas and pore volumes [START_REF] Bux | Zeolitic Imidazolate Framework Membrane with Molecular Sieving Properties by Microwave-Assisted Solvothermal Synthesis[END_REF][START_REF] Ordonez | Molecular sieving realized with ZIF-8/Matrimid® mixed-matrix membranes[END_REF]. Moreover, Dai and coworkers [START_REF] Dai | Ultem®/ZIF-8 mixed matrix hollow fiber membranes for CO2/N2 separations[END_REF], reported the development of PEI/ZIF-8 mixed matrix hollow fiber membranes which was dedicated to the improvement of CO 2 /N 2 selectivity. However, some authors showed that the incorporation of ZIF-8 particles in polymeric membranes could lead to the formation of interfacial defects due to poor adhesion between both components [START_REF] Song | Zeolitic imidazolate framework (ZIF-8) based polymer nanocomposite membranes for gas separation[END_REF]. To face those issues, filler surface modification through alkoxysilane grafting is often performed (N. N. R. [START_REF] Ahmad | Surface modification in inorganic filler of mixed matrix membrane for enhancing the gas separation performance[END_REF]. In this context, one original route could be to add a third component in the medium with the aim to favor the accessibility to the porous fillers while avoiding defects and maintaining specific interactions towards CO 2 (M. [START_REF] Li | Pebax-based composite membranes with high gas transport properties enhanced by ionic liquids for CO2 separation[END_REF]. Ionic liquids (ILs) are being a new alternative to prepare membranes for CO 2 removal applications [START_REF] Gao | Functionalized ionic liquid membranes for CO2 separation[END_REF][START_REF] Hasib-Ur-Rahman | Ionic liquids for CO2 capture-Development and progress[END_REF][START_REF] Tomé | CO2 separation applying ionic liquid mixtures : The effect of mixing different anions on gas permeation through supported ionic liquid membranes[END_REF].

Their distinct properties such as negligible vapor pressure and their affinity to capture the CO 2 molecules make them very useful today. ) are also recognized for their interesting CO 2 sorption ability [START_REF] Magana | Influence of different alkylmethylimidazolium tetrafluoroborate ionic liquids on the structure of pebax® films. Consequences on thermal, mechanical, and water sorption and diffusion properties[END_REF]. Moreover, a recent work performed on a system composed of poly(Room Temperature IL)s, Room Temperature ILs and SAPO-34 particles showed an improvement of the filler/matrix compatibility, as well as an enhancement of the CO2 absorption [START_REF] Hudiono | Novel mixed matrix membranes based on polymerizable room-temperature ionic liquids and SAPO-34 particles to improve CO2 separation[END_REF].

In the current work, two component and three component membranes have been prepared and characterized and their gas transport properties are reported. The studied systems are composed essentially of Polyetherimide (PEI), ZIF-8 particles and [Emim] [BF 4 ] ionic liquid.

The specificity of this work consists in the investigation of the gas separation properties of such systems through experimental analysis and finite element modeling.

Experimental

Materials

Polyetherimide (Ultem 1000) with bulk density of 1.27 g/cm 3 was purchased from GE Plastics. Basolite Z1200 (ZIF-8) with bulk density 0.35 g/cm 3 and methylene chloride (CH 2 Cl 2 , boiling temperature T b =40°C) were purchased from Sigma-Aldrich. 1-ethylmethylimidazolium tetrafluoroborate ionic liquid (purity > 98%; degradation temperature T d =450°C) with density 1.387 g/cm 3 was purchased from Io-Li-Tech.

Membranes preparation

Four film series were prepared: PEI reference films, PEI films containing increasing amounts of IL (from 2.5 to 20 wt%), mixed matrix films composed of PEI and ZIF-8 in which ZIF-8 content was varied between 10 and 25 wt% and mixed matrix films combining IL and ZIF-8.

PEI/IL membranes

In all series, PEI was dried at 120°C in a vacuum oven for 6 hours prior to be used. Then, it was dissolved in CH 2 Cl 2 for almost 1 hour at ambient temperature under stirring to prepare 80 g/L PEI solution.

For reference PEI film, the prepared solution was cast onto a glass plate which was covered with a holey box and kept overnight in order to evaporate the solvent.

For PEI/IL films, defined amounts of IL were dissolved in the same solvent as that used to prepare the PEI solution. The mixture was mechanically stirred for 30 min. Then, PEI granules (pre-dried) were added to the solution and further stirred for 1 h to ensure complete mixing. The solutions were cast onto glass plate and dried under ambient conditions overnight. The obtained films are named: PEI/x IL, where x corresponds to the weight amount of IL contained in the membranes.

PEI/ZIF-8 membranes

Appropriate amounts of ZIF-8 were dispersed in CH 2 Cl 2 for 1 h by using a sonication bath.

20% of the PEI solution was added to the ZIF-8 dispersion and the blend was sonicated for 1h. In the last step, the rest of the polymer solution was added gradually to the ZIF-8 mixture and the resulting mixture was kept under mechanical stirring for almost 2h. The solutions were cast on glass plates and dried at room temperature. The obtained films are denoted by: PEI/y ZIF-8, where y represents the weight amount of ZIF-8 within the membrane (increased up to 25 wt%).

PEI/ZIF-8/IL membranes

The protocol used to prepare the three-component membranes was as follows: first, the appropriate amount of IL was added to the polymer solution to reach a final IL content of 2.5 or 7 wt% within the membrane. The solution was kept under stirring for almost 1 h. Then, a dispersion of ZIF-8 particles was prepared as described before and sonicated for 1 h. 20 vol% of the polymer/IL solution was added to ZIF-8 dispersion and kept in the ultrasonic bath for 1h. Subsequently, the rest of PEI/IL solution was added to the mixture and sonicated for another 1h. The obtained solutions were poured onto glass plate and dried under ambient temperature overnight in order to obtain finally two defined membrane compositions. The membranes were denoted by: PEI/2.5 IL/10 ZIF-8 and PEI/7 IL/10 ZIF-8.

Membrane characterization

The thermal degradation behavior of the prepared membranes was investigated using thermogravimetric analyzer TGA Q500 (TA Instruments) in order to measure the mass change versus temperature under air (60 mL/min) and helium (40 mL/min) with a heating rate of 10°C/min in a temperature range from 25 °C to 650°C. Differential scanning calorimeter (DSC) Q200 1854 (TA Instruments) was used to determine the glass transition temperature (Tg) of the polymer matrix by heating samples from 25°C to 250°C at a heating rate of 10°C/min under helium atmosphere. Two heating cycles were recorded and glass transition temperature Tg values were determined as usually done for high Tg systems [START_REF] Grigoryeva | Thermal analysis of thermoplastic elastomers based on recycled polyethylenes and ground tyre rubber[END_REF] on the thermo-gram corresponding to the second cycle using the midpoint method.

The morphology of PEI/IL, PEI/ZIF-8 and PEI/IL/ZIF-8 membranes was analyzed by Scanning Electron Microscopy (SEM) using a Quanta 250 from FEI. SEM images were taken on the membrane cross section. The samples were prepared by ultra-microtomy at room temperatures using a diamond knife to obtain smooth surfaces. They were metallized with carbon.

Energy-dispersive X-ray (EDX) analysis was conducted in order to complete SEM observations with information about the chemical composition of the different domains evidenced by SEM.

Surface energy of the membranes was calculated thanks to the measurement of contact angles. where θc is the contact angle is the liquid surface energy, and are the dispersive components of the surface energy of the liquid and the film, respectively and and are the polar components of the surface energy of the liquid and the film, respectively.

Gas permeation analysis

Gas permeation experiments were carried out at 20°C for He, CO 2 and H 2 . The permeation cell, consisting of two compartments separated by the membrane, was desorbed under secondary vacuum before each experiment. A 2 bar gas pressure was then applied to the upstream compartment of the cell. The pressure variations in the downstream compartment were measured over time allowing to determine the flux (J) of gas diffusing through the membrane. The permeability coefficient, P i , expressed in Barrer (1 Barrer = 10 -10 cm STP 3 .cm.cm -2 .s -1 .cm Hg -1 = 3.36 x10 -16 mol.m.m -2 .s -1 .Pa -1 ) was calculated thanks to the flux J in the steady state.

However, the diffusion coefficient D i is determined by the time-lag method:

(B.2.2)
where θ lg is the time lag determined through the intersection of the extrapolated steady state linear part with the time axis.

The solubility and selectivity are calculated as explained before in this manuscript through equation (A.1.1) and (B.1.1).

Results

PEI/IL membranes

Membrane bulk and surface characterization

The thermal properties of the studied membranes were determined by thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC). It can be observed from figure 1a that IL degradation begins at lower temperature in comparison with PEI (around 300°C for IL and 530° for PEI). The small weight loss observed at low temperature for IL could be assigned to the presence of water. For PEI/IL membranes, a first mass loss is observed in the range between 350°C and 530°C, which corresponds to the content of IL within the film. At higher temperature, the mass loss curves of PEI/IL are similar to that obtained for PEI. Moreover, it has to be noticed that no significant weight loss is observed on the studied membranes below 250°C meaning that the membranes do not contain any residual solvent. This is important to check as the presence of residual solvent, even in low amount, can significantly modify the transport properties of glassy polymers [START_REF] Clémenson | Nanocomposite membranes of polyetherimide nanostructured with palladium particles : Processing route, morphology and functional properties[END_REF]. with Tg values reported in literature [START_REF] Clémenson | Nanocomposite membranes of polyetherimide nanostructured with palladium particles : Processing route, morphology and functional properties[END_REF][START_REF] Eiras | Ultem®/ZIF-8 mixed matrix membranes for gas separation : Transport and physical properties[END_REF]. The glass transition temperature is very slightly shifted to lower values when IL is added to the polymer matrix (Tg PEI/2.5 IL and Tg PEI/7 IL values are around 211°C). Since Tg value of the IL is around -99 °C [START_REF] Magana | Hydrophobic networks for advanced proton conducting membrane : Synthesis, transport properties and chemical stability[END_REF], the observed decrease of Tg value for PEI/IL membranes could be assigned to a miscibility phenomenon between the ionic liquid and the polymer matrix.

Fox law was used in order to determine the amount of IL dissolved within the PEI matrix.

(B.2.3) where and are the weight fractions of the components i and j, Tg, Tg i and Tg j are the glass transition temperatures of the blend, the component i and j respectively.

The content of IL dissolved in the PEI matrix was found to be 0.57 wt% for both PEI/2.5 IL and PEI/7 IL which is far from the amount of IL that was mixed with the PEI matrix. Thus a low miscibility degree between the PEI matrix and the ionic liquid was evidenced in our From SEM images, it can also be observed that the more IL content is increasing, the more the dispersed domains corresponding to IL are numerous and large-sized. Thus, the phase separation observed for PEI/IL systems is in agreement with the low miscibility degree between IL and PEI that was evidenced by the low decrease of the glass temperature of PEI in the PEI/IL systems.

The wettability of the membranes was analyzed through water and diiodomethane contact angle measurements and surface energy calculations (Table B The water contact angle value obtained for the neat PEI membrane is 88.8° ±3.0 as reported in literature [START_REF] Kaba | Improvement of the water selectivity of ULTEM poly(ether imide) pervaporation films by an allylamine-plasmapolymerized layer[END_REF]. Moreover, its surface energy is also in the same range as values reported in several publications (45.3 mN/m as reported by Kaba et al. [START_REF] Kaba | Improvement of the water selectivity of ULTEM poly(ether imide) pervaporation films by an allylamine-plasmapolymerized layer[END_REF] and 41.5 mN/m by Gleich et al. [START_REF] Gleich | The influence of plasma treatment on the surface properties of high-performance thermoplastic[END_REF]). It can be seen from Table B.2.1 that diiodomethane contact angle does not depend on the presence of IL. Thus, the dispersive component of the surface energy of the membranes is not modified by the introduction of IL. On the other hand, the water contact angle decreases from 89° to 83° when IL weight fraction is raised to 7%, leading then to an increase of the polar component of the surface energy from 1.6 to 2.9 mN/m. As a consequence, the membrane surface energy increases slightly due to a higher polarity related to the introduction of IL.

Gas transport properties

This section presents and discusses the influence of IL on PEI gas transport properties. The gas transport properties are summarized in It can be seen that whatever the gases, the permeability coefficients of PEI/IL are similar to those obtained for reference PEI. The same trend is observed concerning the CO 2 diffusion and solubility coefficients. This behavior is in agreement with the trends already observed on other polymer/IL systems that contain low IL amounts [START_REF] Magana | Influence of different alkylmethylimidazolium tetrafluoroborate ionic liquids on the structure of pebax® films. Consequences on thermal, mechanical, and water sorption and diffusion properties[END_REF][START_REF] Sood | Influence of different perfluorinated anion based Ionic liquids on the intrinsic properties of Nafion®[END_REF]. As IL forms dispersed domains and is in a relatively low amount, it can be assumed that the gas transport properties are mainly governed by the continuous PEI matrix. As a consequence, H 2 /CO 2 selectivity values determined for the reference PEI and PEI/IL membranes are similar.

Polymer/ZIF-8 membranes

In this section, we focused on PEI/ZIF-8 membranes with ZIF-8 amounts ranging between 10 and 25 wt%.

Membranes bulk and surface properties

Thermo-gravimetric analyses (TGA) were used to evaluate the thermal stability of the prepared membranes. As the ZIF-8 loading increases up to 25 wt%, the permeability to all gases increases to four times the neat PEI membrane's value. Moreover, it can be observed that the evolution of the CO 2 diffusion coefficients follows the same trend as that observed for the permeability whereas the solubility coefficient is not significantly modified by the presence of fillers. Thus the diffusion coefficient is the governing factor in this membrane series of membranes. The percolation paths formed through the ZIF-8 domains at high filler content seem to facilitate gas permeation. This is clearly evidenced in The CO 2 permeability of the fillers was taken equal to 3300 Barrer as reported by Xu et al. [START_REF] Xu | Enhanced permeation performance of polyether-polyamide block copolymer membranes through incorporating ZIF-8 nanocrystals[END_REF]. It has to be noticed that other values of ZIF-8 permeability can be found in the literature (2819.6 Barrer in [START_REF] Hao | Room temperature ionic liquid/ZIF-8 mixedmatrix membranes for natural gas sweetening and post-combustion CO2 capture[END_REF]). However, they remain in the same range and it was checked that the small deviation observed between them (around 10%) has no significant impact on the calculated values of the permeability. To complete the analysis, the CO 2 relative permeability values of our systems were compared to literature data relative to mixed matrix membranes containing ZIF-8 particles (Figure

B.2.9).

For all systems, the evolution of relative permeability as a function of the filler volume fraction exhibits an increasing trend. It is noteworthy that the relative permeability values obtained in this work are slightly higher than those reported in the literature for similar systems [START_REF] Deniz | Characterization and Gas permeation properties of Polyetherimide/Zeolitic Imidazolate Framework-8 (PEI/ZIF-8) Mixed Matrix Membranes[END_REF][START_REF] Eiras | Ultem®/ZIF-8 mixed matrix membranes for gas separation : Transport and physical properties[END_REF] remains close to that of the reference PEI, the increase in H 2 permeability with the filler amount without any impact on the gas selectivity is a beneficial feature for gas separation application. It can be noticed that the same trend was observed by Eiras et al. [START_REF] Eiras | Ultem®/ZIF-8 mixed matrix membranes for gas separation : Transport and physical properties[END_REF] for CO 2 /N 2 gas separation considering the same PEI/ZIF-8 system and [START_REF] Li | Pebax-based composite membranes with high gas transport properties enhanced by ionic liquids for CO2 separation[END_REF] for CO 2 /N 2 separation considering the Pebax/ZIF-8 system.

PEI/IL/ZIF-8 membranes

The aim of this part was to investigate whether a synergistic effect could be obtained by using both IL and ZIF-8 within the PEI matrix. The ZIF-8 particle amount was fixed at 10 wt% in order to avoid the formation of percolation paths through that could make difficult the observation of the IL effect. Two amounts of IL, 2.5 wt% and 7 wt% respectively were considered. The dispersive and polar components of the surface energy of the PEI/IL/ZIF-8 membranes are reported in Table B.2.1. One can see that each component (IL and ZIF-8) plays a role on the membrane surface properties. Indeed, the value of the dispersive component of the surface energy is close to that measured for the respective PEI/IL systems whereas the polar component of the surface energy is similar to that measured on PEI/10 ZIF-8.

Gas transport properties

The effect of both IL and ZIF-8 on the MMMs gas transport properties was investigated. The measured values are presented in [START_REF] Robeson | The upper bound revisited[END_REF] as well as to results of PEI/ZIF-8 systems from literature [START_REF] Deniz | Characterization and Gas permeation properties of Polyetherimide/Zeolitic Imidazolate Framework-8 (PEI/ZIF-8) Mixed Matrix Membranes[END_REF][START_REF] Kim | Preparation of Mixed Matrix Membranes Containing ZIF-8 and UiO-66 for Multicomponent Light Gas Separation[END_REF]. compared to literature data [START_REF] Deniz | Characterization and Gas permeation properties of Polyetherimide/Zeolitic Imidazolate Framework-8 (PEI/ZIF-8) Mixed Matrix Membranes[END_REF][START_REF] Kim | Preparation of Mixed Matrix Membranes Containing ZIF-8 and UiO-66 for Multicomponent Light Gas Separation[END_REF] It can be observed that our membranes exhibit good separation properties with experimental points lying near the upper bound line. It can also be observed that the data relative to PEI/7 IL/10 ZIF-8 is located in the vicinity of those relative to PEI/20 ZIF-8 and PEI/25 ZIF-8 for which filler percolation was evidenced. This confirms our assumption concerning the gas transport mechanism in the three component membranes and the interest of creating percolation paths through the PEI matrix.

Numerical modeling of gas diffusion in 2-and 3-component systems

For the purpose of predicting the gas transport properties of mixed matrix membranes, various analytical approaches have been proposed in the literature to estimate the effective permeability as a function of several parameters such as filler volume fraction, size and permeability of the components [START_REF] Bruggeman | Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I. Dielektrizitätskonstanten und Leitfähigkeiten der Mischkörper aus isotropen Substanzen[END_REF][START_REF] Maxwell | A treatise on electricity and magnetism[END_REF][START_REF] Pal | New models for thermal conductivity of particulate composites[END_REF]. We have compared in section 2.3.2. P H2 (Barrer) it does not take into account the filler dispersion state. Indeed, our experimental analysis has shown that this factor could play a significant role on the gas transport properties, especially when percolation paths are formed. Hence, for overcoming the limitations of the analytical models, it appears necessary to consider numerical approaches. We have also demonstrated that in the whole range of membranes series studied in this work, the transport properties were mainly governed by the diffusion mechanism. We have thus developed a numerical approach based on 3D finite element simulation of diffusion in these systems in order to predict the effective transport properties of PEI/ZIF-8 and PEI/IL/ZIF-8 membranes.

The morphological analysis of the filled matrix has shown that small aggregates of few micrometer sizes were present in our systems and that depending on the filler amount, percolation paths could be formed. To take into account these different morphologies, two The numerical analysis was based on solving Fick's diffusion equation in the absence of mass source and in stationary regime. Diffusivity in the neat matrix was fixed to D 0 = 1.6 10 -9 cm²/s (which is the experimental value corresponding to the reference PEI film). The diffusion coefficient assigned to the aggregates domains was estimated thanks to equation (A.1.1) using ZIF-8 permeability and solubility coefficients from the literature [START_REF] Eiras | Ultem®/ZIF-8 mixed matrix membranes for gas separation : Transport and physical properties[END_REF][START_REF] Xu | Enhanced permeation performance of polyether-polyamide block copolymer membranes through incorporating ZIF-8 nanocrystals[END_REF]. The calculation led to D ZIF-8 =1.902x10 -6 cm 2 /s assuming S ZIF-8 =13.34 cc STP /cm 3 .atm and P ZIF-8 =3300 Barrer, which is in agreement with another value reported in literature (D. [START_REF] Liu | Gas transport properties and propylene/propane separation characteristics of ZIF-8 membranes[END_REF]. Thus the theoretical D ZIF-8 / D 0 value was around 10 3 . In the simulations, a range of D ZIF-8 /D 0 values between 10 and 10 5 was considered. Indeed, the diffusivity in a stack of fillers may not be equal to that of single filler.

Concentration boundary conditions were imposed on the upper and lower sides of the simulation domain: c 1 = 1000 mol.m -3 , c 2 = 500 mol.m -3 . The matrix diffusivity is considered constant and not concentration-dependent, meaning that boundary concentration values have rigorously no effect on the calculated effective diffusivity. For symmetry reasons, no-flux boundary conditions were applied on the lateral sides of the simulation domain. More details about the numerical approach used here can be found in sections 3.2 and 4.2 . the filler volume fraction whatever the considered system. Moreover, the simulated relative effective diffusivity values are higher when considering stacks of aggregates, which is consistent with the trend generally reported in literature [START_REF] Greco | Effect of multi-scale diffusion on the permeability behavior of intercalated nanocomposites[END_REF]. Indeed, for a given value of filler volume fraction, the presence of stacks of permeable fillers increases the probability of obtaining continuous diffusion paths, which leads to higher D eff /D 0 values. It has also to be noticed that, in our simulations, it was not possible to expand the filler volume higher than the PEI matrix by a factor 100. This result confirms the prevailing role of IL surrounding the fillers which facilitates the accessibility of the gases to the fillers and contributes to obtain less compact aggregates allowing then to form more easily diffusion paths through percolation of filler/IL domains.

Conclusion

In this study, a step-by-step methodology was applied to develop and characterize series of composite materials with enhanced gas transport properties. It was shown that IL incorporation in PEI matrix enhances H 2 /CO 2 selectivity without significant modification of CO 2 permeability. On the other hand, the addition of ZIF-8 particles to PEI membranes is a good alternative to enhance the CO 2 permeability without sacrificing H 2 /CO 2 selectivity. Then three-component systems (PEI/IL/ZIF-8) were developed, leading to an enhancement of both CO 2 permeability and CO 2 /H 2 selectivity compared to that of neat polymer matrix. It was shown that in the three-component systems, IL was located around the fillers and allowed the formation of less compact fillers aggregates making them more easily accessible for the gases.

Specific diffusion paths through filler-IL percolated domains could be obtained at lower filler content than for the two-component PEI/ZIF-8 systems. Finally, a numerical model has been built in order to predict gas diffusivity through PEI/ZIF-8 and PEI/IL/ZIF-8 systems. The model confirmed the interest of the three-component system and showed the beneficial effect of having percolated fillers domains rather than homogeneously dispersed discrete filler domains.

Conclusion and perspectives

This thesis has focused on the investigation of gas transport properties of two different multiphase material families: nanocomposite systems based on impermeable fillers and membranes containing permeable inorganic fillers and ionic liquid for two different applications, e.g. barrier properties and gas selectivity, respectively. Our approach included the development of 3D numerical models for the prediction of the relationships between the systems structures and their mass transfer properties, especially diffusion properties. It was also essential to validate our modeling approach by comparison to results from previous works and to experimental data generated during this PhD project.

A step-by-step approach was carried out in this work. We have presented in the first part of the thesis a detailed bibliographical review of existing analytical and numerical models, which aimed at giving a comprehensive understanding of the impact of nanocomposites structure on gas barrier properties. It has been shown through our study that despite their usefulness for representing the major trends of the phenomena, analytical models suffer from limitations when the structure of the system is becoming more complex. In the meantime, numerical approaches based on various computational methods have been developed and appeared as very good alternatives to predict gas transport through complex nanocomposite systems. The Finite Element Method (FEM), which has been massively used recently, is considered as one of the most efficient approaches for the prediction of complex nanocomposites barrier properties, especially in three-dimensional systems. However, some parameters have not yet been studied in detail. For this purpose, a 3D FEM model was developed in this work to analyze the effects of various parameters on gas diffusion in nanocomposites based on the dispersion of disk-shaped impermeable nanofillers. This simple, yet 3D filler shape is considered as representative of platelet-like fillers and has already been considered in literature to investigate the gas transport properties of nanocomposites, allowing us to compare our results to existing data.

First, we have shown that for disk-shaped fillers regularly distributed in the polymer matrix, the improvement of barrier properties is almost observed for high filler volume fraction and aspect ratio values. Moreover, in such 3D geometry, a parameter named the projected area ratio -reflecting the area available for straight path diffusion-was defined as the ratio of the projected area of the matrix phase to the total projected area of the unit cell, respectively. It was proven that this factor is governing gas diffusivity, i.e. the higher the projected area ratio, the higher the diffusivity values. a new analytical equation has been derived from our calculations and showed very good agreement with FEM results on a wide range of structural parameter values. It was also consistent with other existing analytical models serving the same purpose.

The developed model was incremented to analyze systems with more complex structural configurations: random dispersion of the fillers, filler size polydispersity, intercalated structures, etc. We have shown that for both exfoliated and intercalated structures, fillers with polydisperse sizes were found to be more efficient in the enhancement of barrier properties than monodisperse ones. Moreover, it must be noticed that intercalated systems were found to be less efficient than the exfoliated systems in the same context.

It is noteworthy that fully exfoliated structures are often difficult to obtain in real nanocomposite systems. That is why a detailed study of the intercalated structure has been conducted in our work. Besides, stacks of fillers are generally considered in literature as impermeable media and only few studies, including work from our laboratory, have shown that diffusing molecules can penetrate through the intra-stack space. Therefore, the main objective of this part of our work was to see whether the intra-stack diffusivity has a governing effect on the overall properties of the nanocomposite system in function of fillers dimensions and interplatelet spacing. We have shown through our calculations that gas diffusion is strongly dependent on interplatelet spacing within stacks. Thus, when the intrastack relative diffusivity (which was varied between 10 -4 and 10 5 ) is relatively small compared to the matrix diffusivity, the contribution is considered as limited. However, when fillers diameter is relatively small, the contribution of the interplatelet spacing to the overall diffusivity becomes significant.

To extend this approach, a numerical study of the effect of the interphase layer has been carried out. Indeed, the existence of an interphase with specific properties has been evidenced in several experimental works in literature and its impact (either positive or negative) on the overall barrier properties has been demonstrated. We have validated through the current work that barrier properties can be widely affected by the presence of this phase for different filler volume fractions and orientation angle values. In addition, we were able to consider a large range of values for the interphase properties: its relative diffusivity was varied between 10 -4 and 10 6 (with respect to the matrix diffusivity) while its thickness was varied between 0.25 nm and 1.5 nm. Consequently, it has been shown that the contribution of the interphase to the overall diffusivity could be assumed negligible when it is weakly diffusive and a plateaushaped curve has been obtained in the corresponding range of diffusivity values.

Moreover, it has been highlighted the effect of the -continuous path‖ which could exist due to the interconnection between interphase layers for high thickness and volume fraction values.

This parameter can affect dramatically the gas barrier properties by promoting the diffusion of penetrating species and thus yielding higher diffusivity values, which occurs when the interphase is highly diffusive. The random distribution of fillers in the polymer matrix is the most realistic configuration and we showed that the continuous path might occur more easily in that case than in the ordered case.

Regarding the problematic of the relationship between the gas transport properties of multiphase polymer-based systems and the structural parameters of the dispersed phase, the developed numerical approach can also be used to model gas diffusion in other systems such as mixed matrix membranes by considering permeable dispersed fillers in the polymer matrix.

Hence, the second part of this work focused on two main objectives: first, developing through an experimental approach original polymeric membranes with interesting permeation and separation properties and secondly, implementing a numerical model able to predict the gas transport properties in such systems.

For this purpose, our membranes were composed essentially of a glassy polymer (PEI) with the addition of other components to form two-component systems: the PEI/ZIF-8 and PEI/IL systems. The choice of the ionic liquid and the ZIF-8 particles was based on their excellent separation properties, especially for CO 2 removal purposes. Results showed that mixed matrix membranes made of ZIF-8 particles had excellent permeability values, whereas polymer/ionic liquid membranes exhibited good gas selectivity. It has been noticed that important ZIF-8 volume fraction values are required to obtain percolation paths, whereas for polymer/IL systems, the dispersion of the ionic liquid in the polymer matrix was almost homogenous. The main objective of this work was to obtain membranes with excellent thermal and morphological properties as well as enhanced CO 2 permeability and selectivity. A route to achieve the latter properties was developed, consisting in combining ZIF-8 particles and the ionic liquid. Filler content was chosen to be around 10 wt% in order to avoid the formation of percolation paths that could prevent the observation of the IL effect, while the IL amount was also fixed to lower values, unlike what was reported in the literature. As a result, it has been shown that IL was located in the domains including ZIF-8 particles, leading to less compact aggregates. This allowed obtaining percolation paths that act as gas diffusion paths and thus good separation properties were obtained (a high increase in H 2 and CO 2 permeability values has been observed) compared to the neat polymer properties. This makes the three-component membranes a promising approach for efficient separation of CO 2 .

On the other hand, the SEM characterization of the prepared membranes showed that fillers had small spherical shapes, which motivated the choice of the filler geometry in our finite element model. Since it has been shown that the diffusivity is a governing factor in the mass transport process, a model based on the diffusion mechanism can be considered as a solid first approach for simulating gas transport in multiphase polymer-based membranes. This model accounts for the effects of filler volume fraction, stacking and diffusivity. As a result, it has been shown that relative effective diffusivity increased when filler volume fraction increased for a fixed filler diffusivity value. Moreover, a comparison between structures containing aggregates and dispersed fillers, respectively, has shown that higher diffusivity values are obtained in the first case. This is expected, as when permeable fillers are interconnected, penetrating species can diffuse more easily through the percolation paths.

Finally, our numerical results confirmed the interest of the three-component system and showed an acceptable agreement with experimental results for the considered range of filler volume fraction values. Furthermore, it showed the beneficial effect of having percolated fillers rather than homogenously dispersed discrete fillers.

Perspectives -Modeling

For the nanocomposite systems, a perspective of this work could consist in modeling structures with both exfoliated and intercalated structures in order to represent more realistically the actual systems. Moreover, substantial experimental work has been developed in the laboratory evidencing the importance of semi-crystalline matrix-based nanocomposites.

Thus, an interesting continuation of the present modeling work could consist in simulating mass transfer in such systems by considering crystal lamellae as fillers and studying their orientation effect on the overall gas transport properties. One must realize that modeling water transport through nanocomposite systems is an interesting issue today, so a further development of the current model could be to consider concentration-dependent diffusivity instead of constant diffusivity.

For the modeling of MMMs, the developed approach in this work can be refined taking into account the variation of spheres size which was modeled here as monodisperse filler aggregates. This study can be enriched by considering aggregates of polydisperse-sized spheres. Moreover, the orientation angle of the dispersed stacks could be varied and its effect on the transport properties could be investigated consequently. As in the case of the nanocomposites, the effect of the filler-matrix interphase layer could be considered in the case of mixed matrix membranes.

The lack of modeling approaches taking into account the effect of solubility constitutes a reason to develop new models for both considered systems. Furthermore, the active transport effect (i.e. trapping of diffusing molecules, etc.) has been widely studied in our laboratory thanks to the development of dedicated materials and specific experimental methodologies. It deserves now to be analyzed through numerical approaches.

-

Experimental

The performance of mixed matrix membranes depends on various parameters such as the nature of the polymer matrix. A further development of the current study could consist in the consideration of other polymer matrices presenting nice potentials for gas separation as well as good mechanical stability such as copolymers (Pebax or others). Obtaining specific location of the fillers by using well defined copolymers could also be an interesting way to achieve promising properties.

Another perspective of the current work is to graft specific functions to the filler surface in order to modify the polymer/filler interfaces and study its effect on gas separation properties, as a first step before developing specific modeling approaches.
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  This chapter is the subject of a paper published in Journal of Polymer Science Part B, on January, 2 2018 and titled Modeling Diffusion Mass Transport in Multiphase Polymer Systems for Gas Barrier Applications: A Review.The second chapter presents the general formulation of a 3D numerical model of mass transport in ordered nanocomposite systems, in the case of disk-shaped nanofillers. In a first step, the geometrical model is described and the variable parameters are specified. Then the mass transfer equation and the associated boundary conditions are formulated. After detailing the numerical analysis, the simulation results are presented and discussed with respect to the corresponding regimes (dilute, semi-dilute and concentrated regimes). Accordingly, a phenomenological analytical equation is derived and validated against the numerical results, allowing prediction of gas barrier properties of ordered nanocomposite systems with minimal computational effort.  This chapter is the subject of a paper published in Journal of Polymer Science Part B, on November, 21 2018 and titled 3D Mass Diffusion in Ordered NanocompositeSystems: Finite Element Simulation and Phenomenological ModelingThe third chapter is devoted first to the analysis of the effect of fillers size polydispersity on gas barrier properties. We have developed for that purpose a step-by-step approach based on 3D finite element modeling, considering disk-shaped nanofillers randomly distributed in the polymer matrix. A comparison between monodisperse and polydisperse fillers is conducted and a study of the aggregation effect is presented. Moreover, in this chapter, the effect of interplatelet diffusion was assessed through a sensitivity study considering a wide range of diffusion coefficient values in the interplatelet area.  This chapter is the subject of a paper published in Journal of Membrane Science, on July, 24 2019 and titled Numerical analysis of 3D mass diffusion in random (nano) composite systems: Effects of polydispersity and intercalation on barrier properties. The fourth and last chapter of Part A is devoted to the numerical analysis of the effect of the filler-matrix interphase layer on the barrier properties of nanocomposites loaded with disk-shaped fillers. The 3D FEM models developed in chapters 2 and 3 are extended in order to take into account a third distinct phase in addition to the filler and matrix phases. Two types of filler distributions are investigated: ordered and random distributions. We have considered the possibility of interphase overlapping which could lead to the presence of continuous diffusion paths through the thickness of the nanocomposite and could affect significantly the barrier properties. Results are discussed considering a large range of interphase diffusivity values in order to understand and quantify the effect of such medium on the overall barrier properties.  This chapter is the subject of a publication submitted to Journal of Membrane Science, titled 3D Numerical Analysis of Mass Diffusion in Nanocomposites: the Effect of the Filler-Matrix Interphase on Barrier Properties.

  (A.1.9) where d t is the diffusion path length in the filled matrix and d s is the straight path length across the neat polymer (Figure A.1.1).
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 11 Figure A.1.1 Distance travelled by a penetrant in the neat polymer (d s ) and in the filled polymer (d t )

  modified the Nielsen model by giving a correlation between parameters such as filler orientation, length, concentration and their state of aggregation in the matrix. This model was developed in order to describe diffusivity in filled polymers based on tortuosity considerations. He introduced a new orientational order factor O in the

2

 2 Figure A.1.2 Filler configuration studied by Nazarenko et al.[START_REF] Nazarenko | Gas barrier of polystyrene montmorillonite clay nanocomposites : Effect of mineral layer aggregation[END_REF] 

  attempted to model mass diffusion in tridimensional heterogeneous systems. A 3D analytical model based on a regular array as shown in Figure A.1.3 was considered:.
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 13 Figure A.1.3 Filler distribution studied in 3D models[START_REF] Aris | On the permeability of membranes with parallel, but interconnected, pathways[END_REF][START_REF] Aris | On a problem in hindered diffusion[END_REF][START_REF] Cussler | Barrier membranes[END_REF][START_REF] Falla | Estimating diffusion through flake-filled membranes[END_REF][START_REF] Lape | Polydisperse flakes in barrier films[END_REF][START_REF] Moggridge | Barrier films using flakes and reactive additives[END_REF] 

  and coworkers[START_REF] Jalali Dil | Modeling the effect of nanoplatelets orientation on gas permeability of polymer nanocomposites[END_REF] have developed a new analytical model in order to study the effect of fillers on nanocomposites barrier properties.

  ones and can be considered as ideal systems. The studied geometries are often distributed as shown in Figure A.1.4.
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 14 Figure A.1.4 Filler regular distribution in 2D systems Falla et al.[START_REF] Falla | Estimating diffusion through flake-filled membranes[END_REF] used Monte Carlo approaches to simulate transport across membranes containing oriented fillers. The method adopted by the authors consists in calculating the molecular mean square displacement as a function of time to estimate the relative effective diffusivity:

  analyzed: quadratic array (Figure A.1.4 (1)) and staggered array (Figure A.1.4 (2)). The red boxes shown in Figure A.1.4 are the unit cells chosen for each distribution. The authors found that the results yielded by their numerical model are in good agreement with the Aris model which predict barrier properties of high aspect ratio, monodisperse flakes in a staggered array. This conclusion is similar to that of Falla's study. Swannack et al. (Swannack et al., 2005) have conducted Monte Carlo simulations of a polymer-clay nanocomposite system in order to study its barrier properties. They built a 2D model where impermeable rectangular platelets were regularly dispersed in the polymer matrix as shown in Figure A.1.4 (2). They also proved that their 2D Monte Carlo simulation results are in accordance with Aris equation.Figure A.1.5 shows this agreement for a slit shape value of 0.1 (the slit shape is defined as the ratio of the horizontal gap between fillers to their thickness).
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 15 Figure A.1.5 Comparison of Swannack's 2D numerical results with Aris's model Minelli et al.[START_REF] Minelli | Analysis of modeling results for barrier properties in ordered nanocomposite systems[END_REF] focused on impermeable fillers inserted regularly in the polymer matrix perpendicularly to gas diffusion, in a staggered array. As well as in Chen's work, they considered a repeating unit cell to simplify the diffusion problem(Figure A.1.4 (2)). They used a finite volume method to build and solve a numerical model

  properties.[START_REF] Sridhar | Barrier Properties of Polymer Nanocomposites[END_REF] attempted to evaluate the transport properties in 2D heterogeneous system containing aligned flakes. Again, the studied configuration can be represented by Figure A.1.4. They considered a computational method based on a network of series/parallel resistances associated with a finite difference method.They could assess the decrease in relative diffusivity as a function of filler aspect ratio, volume fraction, orientation and their structural parameters. Numerical results matched with experimental data for a gap between fillers value equal to 6 nm.Later, in the same context, Statler et al.[START_REF] Jr | A Finite Element Analysis of the Influence of Morphology on Barrier Properties of Polymer-Clay Nanocomposites[END_REF] used a finite element method to evaluate the reduction of the diffusivity in nanocomposites systems. The impermeable fillers have been considered as uniformly dispersed platelets with perpendicular orientation to the mass transfer direction similarly to previously cited works(Figure A.1.6). In the computational procedure, a unit cell has been chosen and boundary conditions were set (a ratio of concentration (C/C 0 ) was set between 0 and 1 at the left and right boundaries of the unit cell). It was found that the numerical results are in good agreement with the Cussler analytical model for a slightly important filler volume fraction (beyond 8%). In addition, the Nielsen model over-predicts relative diffusivity in the same region(Figure A.1.6). Indeed, the Nielsen theory does not take into account the reduction of the area for diffusion whereas Cussler's model does.
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 16 Figure A.1.6 Unit cell and results of Statler et al. (Jr & Gupta, 2007) model

Figure A. 1 . 8

 18 Figure A.1.8 Example of geometry studied by Goodyer et al. (Goodyer & Bunge, 2007) (the dashed red box is the unit cell)
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 19 Figure A.1.9 Example of geometry adopted in Minelli's model They considered hexagonal tablets, square tablets, octagonal tablets and circular disks. In this work, the authors introduced the following expressions of filler aspect ratio and slit shape:
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 1 Figure A.1.10 shows the variation of diffusivity as a function of the filler shape and volume fraction for fixed values of slit shape σ s = 0.5 and aspect ratio α = 5.
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 1 Figure A.1.10 3D numerical results for ordered fillers of various shapes[START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF] 

Figure A. 1 .

 1 Figure A.1.11 Fillers random dispersion in 2D systems. BC indicate boundary conditions imposed at the upper and lower faces of the system. Arrows indicate mass flux direction. (A): filler mid-plane perpendicular to mass flux direction; (B): filler mid-plane angled with respect to mass flux direction.

  [START_REF] Bhunia | Modeling the Oxygen Diffusion of Nanocomposite-based Food Packaging Films[END_REF] developed a computer simulation model using the FEM method in order to analyze the changes in barrier nancomposites properties when the structural parameters are modified. Fillers were chosen to be platelets of rectangular cross section, either perpendicular to the diffusion path or showing an orientation angle θ between the direction of diffusion and the average orientation of the flakes as shown in Figure A.1.12.
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 1 Figure A.1.12 Angle of orientation defined in the cited models

  Figure A.1.11(B). They used the OpenFOAM software in order to generate the adequate mesh to solve the steady-state diffusion equation. Their computational results have shown that the effective diffusivity for a system of randomly placed flakes oriented with an angle (π/2 -θ) with respect to the direction of the diffusive flux is:(A.1.46) 

Figure
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 1 Figure A.1.13 3D dispersion of homogeneous disks in the matrix Gusev and Lusti (Gusev & Lusti, 2001) have used a direct finite element method to solve a three dimensional periodic model comprised of a random dispersion of perfectly parallel impermeable disks in an isotropic matrix (Figure A.1.13) by solving Laplace's equation. Concentration boundary conditions have been applied on the upper and lower faces of the box and periodic boundary conditions on the lateral faces of the box. As results, they have shown

  [START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF] also developed a 3D finite element model to analyze a similar configuration (Figure A.1.13). Their work resulted in the following equations which could be applied for either 2D or 3D systems:

  Figure A.1.14 shows that the shape of the filler cross section (circles or squares) has no significant effect on the overall barrier properties of the nanocomposite.
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 114 Figure A.1.14 Effect of structural parameters on diffusivity for the 3D random model proposed by Minelli et al.[START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF] 

Figure

  Figure A.1.15.
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 1 Figure A.1.15 Fillers randomly distributed in 2D: (A) random orientation; (B) polydisperse fillers; (C) stacks of fillers (intercalated system) with diffusive flux lines. Bold red lines correspond to the inlet and outlet boundaries for mass diffusion.

  expanded his previous work to intercalated nanocomposites by introducing the notion of galleries, i.e. matrix layers between stacked nanofillers. He considered that diffusing moieties could follow trajectories corresponding to the flux lines shown in Figure A.1.15 (C). He introduced a new equation of diffusivity taking into account the orientation angles of fillers as well as the presence of galleries:

  Dondero and coworkers[START_REF] Dondero | The effect of flake orientational order on the permeability of barrier membranes : Numerical simulations and predictive models[END_REF] built a model in which impermeable fillers of rectangular shapes are randomly dispersed in a homogenous and isotropic matrix and focused on the effect of the orientation angle. The configuration is represented by Figure A.1.15 (A). The boundary element method (BEM) was used to simulate the diffusion process governed by Fick's law. The authors considered that the membrane becomes anisotropic in terms of diffusion due to the presence of fillers. Hence, the expression of the diffusion coefficient was associated to a flux in i-direction due to a concentration gradient in j-direction. They have adopted also the RVE strategy which consisted in determining the number of flakes, the aspect ratio and the width of excluded boundary strips. A new equation was introduced for the prediction of the diffusivity tensor which extends Lape's model[START_REF] Lape | Polydisperse flakes in barrier films[END_REF]) by using Bharadwaj's approach (Bharadwaj, is the orientational order introduced by Bharadwaj and is an empirical coefficient which was introduced by Dondero et al. in order to improve the performance of their analytical model compared to the numerical results. Dondero's analytical model showed that the disorder in flake orientation had a significant impact on diffusivity in the direction parallel to the flakes orientation.Chen (X.[START_REF] Chen | Barrier Properties of Flake-Filled Membranes : Review and Numerical Evaluation[END_REF]) also studied the barrier performances of nanocomposites in which polydisperse fillers were randomly dispersed. The configuration adopted is represented in Figure A.1.15 (B). The main results obtained for this configuration is that polydisperse flakes could have a greater impact on the relative effective diffusivity than monodisperse flakes i.e. barrier properties are more enhanced in the polydisperse case. This conclusion validates Lape's and Cussler's analytical approaches.A new work has been developed recently by Papathanasiou et al.[START_REF] Tsiantis | A closed-form solution for the barrier properties of randomly oriented high aspect ratio flake composites[END_REF] studying the barrier properties in 2D nanocomposite systems of randomly oriented high aspect ratio fillers. Fillers geometry considered in their work is flakes having a very long length in the out-of-plane direction. Moreover, they have considered three different predictions of effective diffusivity expressions (arithmetic, harmonic and geometric averages)

  dispersed and oriented nancomposites. To this purpose, Greco and Maffezzoli (Greco & Maffezzoli, 2015a) used the FEM approach and a geometrical representation based on the random distribution of small stacks composed of regularly spaced lamellae (Figure A.1.16). All stacks comprised the same number of lamellae. This work is a continuity of Greco's previous work in 2D.

Figure A. 1 .

 1 Figure A.1.16 Geometry proposed by Greco et al.(Greco & Maffezzoli, 2015a) 

  Finally, couples of (e, D) values were considered to cover filler aspect ratio values α = D/e ranging from 50 to 250. All disks are oriented perpendicular to the overall diffusion direction z. The fillers are dispersed in the matrix in an ordered arrangement consisting in a superposition of odd and even layers. Though the even layers are identical (in nature and arrangement) to the odd layers, they are shifted by distances s x and s y , in the x and y directions respectively, with respect to the odd layers. Within a given layer, the fillers are arranged according to an orthogonal grid. The distances separating the centers of two adjacent fillers (or in-plane space steps) in the x and y directions are respectively p x and p y . The in-plane distribution of the fillers is assumed to be isotropic, i.e. p x = p y . The space step in the diffusion direction (or thickness-wise direction) p z is defined as the interlayer distance from center to center (as specified for p x and p y ). In order to further analyze the results in terms of dimensionless parameters, a scaled space-step  = p z /D is defined. The representative volume element (RVE) of such a two-phase ordered periodic system is the simplest repeating unit in the system, as shown on Figure A.2.1. It consists of a parallelepipedic volume whose vertices coincide with the centers of the eight nearest neighboring odd layer disks. The middle layer corresponds to the even disks. It should be noted that this unit cell contains one net odd layer disk (8 x 1/8 disk) and one net even layer disk. By definition, the unit cell is invariant by translation along x, y and z by a distance equal to any integer multiple of p x , p y and p z respectively.
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 21 Figure A.2.1 Geometrical model of the ordered nanocomposite and definition of the unit cell (thickness-wise and plane-wise projections)
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 22 Figure A.2.2 -Tridimensional representation of the unit cell showing the boundary conditions

Figure A. 2

 2 Upper boundary: concentration BC (c 2 ) Lower boundary: concentration BC (c 1 ) Side boundaries (destination): periodic BC Matrix domain: Fick's law PDE Side boundaries (source): periodic BC Filler-matrix interfaces: no-flux BC x y zrefined sufficiently to ensure obtaining a mesh-independent solution, meaning that the results are not affected by any numerical artifact arising from the discretization method.
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 23 Figure A.2.3 -Tetrahedral mesh used to discretize the computational domain The solution of the boundary value problem yields the molar concentration field of the permeating specie. Then, the mass flux vector field of the permeating specie can be calculated from the concentration field:

  shown on Figure A.2.4. Hence, the filler volume fraction f varied in the range 0 -10% for each aspect ratio value. The most convenient quantity to characterize and compare the enhancement of barrier properties in different filled systems is the relative effective diffusivity, defined as the ratio of the nanocomposite effective diffusivity to the neat matrix diffusivity: D eff /D 0 . As expected, improvement of barrier properties is observed when the filler volume fraction increases for a given value of filler aspect ratio. Likewise, for a given volume fraction, the higher the filler aspect ratio, the better the barrier effect. Similar trends were observed by Minelli and coworkers[START_REF] Minelli | Analysis of modeling results for barrier properties in ordered nanocomposite systems[END_REF] who built a two-dimensional model using an algorithm based on the finite volume method.
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 2 Figure A.2.4 -FEM-calculated relative effective diffusivity versus filler volume fraction in ordered nanocomposite systems for different filler aspect ratio values
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 25 Figure A.2.5 The effect of the number of unit cells on the overall diffusivity for different filler volume fraction and aspect ratio values
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 26 Figure A.2.6 Comparison of numerical results to Cussler, Fredrickson and Gusev models for different values of disks aspect ratio a) α=20, b) α=50 and c) α=100) and d) to literature experimental results[START_REF] Dal Pont | Nanocomposites à matrice élastomère à base de charges lamellaires synthétiques alpha-ZrP : Influence de la modification des charges sur les propriétés mécaniques et barrière aux gaz (Phdthesis[END_REF][START_REF] Dal Pont | Microstructure and properties of styrenebutadiene rubber based nanocomposites prepared from an aminosilane modified synthetic lamellar nanofiller[END_REF][START_REF] Gain | Gas barrier properties of poly(ε-caprolactone)/clay nanocomposites : Influence of the morphology and polymer/clay interactions[END_REF][START_REF] Jacquelot | Morphology and gas barrier properties of polyethylene-based nanocomposites[END_REF][START_REF] Kato | Preparation and properties of polyethylene-clay hybrids[END_REF][START_REF] Meneghetti | Synthesis and Characterization of Styrene-Butadiene Rubber-Clay Nanocomposites with Enhanced Mechanical and Gas Barrier Properties[END_REF] 

  (A.2.8) and S matrix is the projected area of the matrix phase on a plane normal to the diffusion direction z, as shown on Figure A.2.7. Indeed, a molecule entering the unit cell inside the contour of the S matrix area has a non-zero probability of diffusing strictly parallel to the z direction, and the farther from the contour the molecule enters, the closer to 1 this probability.

Figure A. 2

 2 Figure A.2.7 -Definition of the total projected area S tot and matrix projected area S matrix on a plane normal to the diffusion direction (i.e. x-y plane) for a unit cell

Figure A. 2 . 8 -

 28 Figure A.2.8 -Relative effective diffusivity versus the projected area ratio k for several values of parameter  (centered position of the middle-layer disk)

  cell with an off-centered (or shifted) middle layer. Using a similar simulation methodology, the evolution of the relative effective diffusivity values versus k has been plotted for comparison in Figure A.2.9, for three different positions of the middle-layer disk and three  values (0.2, 0.5 and 1).

Figure A. 2 . 9 -

 29 Figure A.2.9 -Relative effective diffusivity versus the projected area ratio k for different  values

Figure A. 2 .Figure A. 2 .

 22 Figure A.2.10 -Exponential variation of the slope parameter a versus In order to find the b constant, the limiting case k = 1 (i.e. unfilled matrix) has to be considered. Obviously, in this case, the effective diffusivity is that of the matrix: D eff /D 0 = 1.Hence,

  2.30) have been compared to the FEM simulation results and the plots are shown on Figure A.2.11, for several  values ranging from 0.05 to 1.

Figure A. 2 .k

 2 Figure A.2.11 -Relative effective diffusivity versus projected area ratio predicted by the linear and nonlinear analytical models and by FEM simulations

Figure A. 2 .Figure A. 2 .

 22 Figure A.2.12 Relative effective diffusivity versus filler volume fraction predicted by the analytical model (Eq. (A.2.30)) and by FEM simulations for several filler aspect ratio values

  most convenient parameter to characterize and compare the enhancement of barrier properties in the various studied systems. It has been shown through the previous chapter 2.2.3 that it does not depend on the neat matrix diffusivity value D 0 . Since the systems under consideration are composed of disks randomly placed in the RVE, we show hereinafter that the use of impermeable boundary condition on the sides of the RVE is similar in terms of results to the use of symmetry boundary conditions (Figure A.3.1).

Figure A. 3 . 1

 31 Figure A.3.1 Comparison of the obtained results considering (a) symmetry and (b)

Figure A. 3 . 2

 32 Figure A.3.2 Geometrical model of monodisperse system 3.3.1.2 Polydisperse distributions

Figure

  

Figure 2

 2 Figure A.3.3 Disk size distribution for three different polydisperse uniform dispersions ( ̅ ); resulting averaged distribution

Figure A. 3 . 4

 34 Figure A.3.4 Disk size distribution actually generated for target values of Gaussian parameters ̅ = 30 and σ = 1

  Figure A.3.7 plots the relative diffusivity predicted by FEM for the monodisperse and Gaussian polydisperse systems, as well as Lape analytical model'spredictions for the Gaussian polydisperse systems (σ =1 and 10). It must be noted here that ε is the standard deviation between the obtained results.

  Figure A.3.7 Relative effective diffusivity vs. filler volume fraction for monodisperse and polydisperse Gaussian systems (σ = 1 (a) and σ = 10 (b)): FEM predictions and Lape et al.

  Figure A.3.8 Relative effective diffusivity vs. filler volume fraction for monodisperse, polydisperse uniform and polydisperse Gaussian systems: FEM predictions

  Figure A.3.9 Representative volume element (z-direction view) of three types of filler dispersion for similar filler volume fraction

  Figure A.3.10 Example of 3D simulation domain of intercalated nanocomposites; (a) Monodisperse stacks (b) Polydisperse stacks (uniform distribution)

Figure A. 3 . 11

 311 Figure A.3.11 Comparison of effective relative diffusivity predicted by FEM for exfoliated and intercalated systems as a function of filler volume fraction

Figure A. 3 .

 3 Figure A.3.12 Geometrical model of intercalated non-oriented monodisperse system

Figure A. 3 . 13 .

 313 Figure A.3.13. Note that in both cases, stacks positions are kept strictly identical in order to cancel all variability effects due to random positioning.

Figure

  Figure A.3.13 (a) Geometry of the actual stack and (b) corresponding fully impermeable stack

  diffusive flux lines shown in Figure A.3.14 (b). However, for large and loosely stacked fillers, intra-stack diffusion can become slightly significant (e.g. for R = 0.75 and D = 100 nm, the effective diffusivity increases by 3.3 % if the interplatelet space is permeable). However, this contribution remains low as evidenced by the diffusive lines shown in Figure A.3.14 (c) for D=100nm and e inter =7nm. In order to go deeper in the analysis of the influence of e inter on the overall diffusivity, the impact of filler volume fraction has been investigated, for a filler diameter D = 100 nm (Figure A.3.15). Indeed, it has to be noticed from Figure A.3.14 (a) that this filler diameter leads to the highest barrier properties.

Figure A. 3 .

 3 Figure A.3.15 Relative effective diffusivity variation versus filler volume fraction for several values of interplatelet spacing

Figure A. 3 .

 3 Figure A.3.16 versus D inter /D 0 .

Figure A. 3 .

 3 Figure A.3.16 Relative effective diffusivity variation versus D inter /D 0 for several diameter values

  coordinate system (x, y, z), with z the overall diffusion direction (Figure A.4.1). In the present work, fillers are modeled as impermeable disks (diameter D, thickness e, aspect ratio α = D/e

Figure A.4. 1 .

 1 Figure A.4.1 Thickness-wise and plane-wise views of the 3D geometrical model of the ordered distributions

Figure A. 4 . 2

 42 Figure A.4.2 Two examples of generated RVE in the case of random filler distribution

  Figure A.4.3 illustrates several examples of configurations leading or not to the formation of a thickness-wise continuous path through interphases.

Figure A. 4 . 3

 43 Figure A.4.3 Molecular diffusion path (red lines) for different cases: (a) a continuous path formed by overlapping of interphase layers for random distribution (e int = 1 nm); (b) a continuous path formed by overlapping of interphase layers (blue regions) for ordered distribution (e in t = 1.75 nm); (c) the absence of the continuous path for random distribution (e int = 0.25 nm); (d) the absence of continuous path for ordered distribution (e int = 0.25 nm)

Figure A. 4 . 4

 44 Figure A.4.4 summarizes the main boundary conditions applied on the studied geometries.

Figure A. 4 . 4

 44 Figure A.4.4 Representation of the RVE showing the boundary conditions: (a) ordered distribution; (b) random distribution

  Figure A.4.7 reports the results obtained for two different interphase thickness values 0.25 and 1 nm, respectively.

  Figure A.4.7 Comparison between the overall diffusivity for systems presenting low diffusivity interphase and fully impermeable interphase (a) e int = 0.25 nm; (b) e int = 1 nm

Figure A. 4 . 8

 48 Figure A.4.8 Diffusive flux magnitude field (mol.m -2 .s -1 ) and diffusive flux vector field in the vicinity of an impermeable filler surrounded by a low diffusivity interphase (D int /D 0 =10 -4 ) (left) and in the vicinity of the equivalent fully impermeable filler (right). Arrow length is proportional to the flux magnitude.

  4.3.1.1.2 2 nd Domain: D int /D 0 within the range [10 -1 -10 4 ] This domain corresponds to D int /D 0 values between 10 -1 and 10 4 . In fact, as the interphase diffusivity reaches that of the neat polymer, the interphase plays a more significant role in the transport process. As it can be observed in Figure A.4.6, for all filler volume fraction values, the relative effective diffusivity is increasing with D int /D 0 in this domain. It is noteworthy that for a given interphase layer thickness, all curves intersect at a common point corresponding to D eff /D 0 = 1. At this specific point, the tortuosity effect is exactly compensated by a higher diffusion rate in the interfacial region than in the neat matrix. In order to better analyze this behavior, the D int /D 0 values corresponding to D eff /D 0 = 1 were plotted in Figure A.4.9 for several values of the interphase thickness.

Figure

  Figure A.4.9 D int /D 0 values corresponding to D eff /D 0 = 1 versus interphase thickness values

  Figure A.4.10 shows that the D eff /D 0 plateau values increase as the diffusion rate in the interphase layers increases. Moreover, increasing the filler content also leads to increased values of D eff /D 0 . This result can be explained by the fact that as the filler content increases, the volume fraction of interphases in the system also increases. In order to have a complete overview of the effect of both kinds of interphases (highly diffusive or weakly diffusive) on effective diffusivity, the lower and upper asymptotic relative effective diffusivity values determined in each plateau domain have been reported in Figure A.4.10 as a function of filler volume fraction for the different investigated interphase thickness values.

Figure A. 4 . 10

 410 Figure A.4.10 Lower and upper asymptotic values of the relative effective diffusivity versus fillers volume fraction for several interphase thickness values

  is of great interest to know whether this effect can be emphasized by combining sufficiently high values of filler volume fraction and interphase layer thickness. For ordered filler distributions and considering the range of filler volume fraction and interphase layers thickness investigated (f < 20 % and e int < 2 nm), this configuration can only occur in concentrate regime i.e. for f > 14.8% and e int > 1.5 nm. Two different values of filler volume fraction (15% and 20%, respectively) were considered in order to obtain geometries featuring a continuous diffusion path through interphase layers. The simulations yielded the evolution of D eff /D 0 as a function of interphase thickness as represented in Figure A.4.11 for two values of D int /D 0 : 10 -3 and 10 4 . These values were chosen to be representative of a weakly diffusive interphase and a highly diffusive interphase, respectively.

Figure A. 4

 4 Figure A.4.11 (a) Relative effective diffusivity variation as a function of interphase thickness showing the presence of the continuous path (b) Zoom in the discontinuous pathway part showing differences in D eff /D 0 values

Figure A. 4 . 12

 412 Figure A.4.12 Relative effective diffusivity variation as a function of D int /D 0 for two different interphase thickness values (e int = 0.25 nm and 0.5 nm)

  Figure A.4.13 a reports the D int /D 0 values that allow reaching D eff /D 0 = 1 for the two interphase thickness values considered in these simulations. The results are compared to those obtained in the case of ordered disk distribution. Similar trends are evidenced in both cases, confirming the assumption that the presence of thin and highly diffusive interphases (and inversely, weakly diffusive and thick interphases) can counterbalance the tortuosity effect;

Figure A. 4 .

 4 Figure A.4.13 b allows comparing the influence of the filler distribution type (ordered or random) on the relative effective diffusivity determined for the plateau at low and high D int /D 0 values, respectively.

Figure A. 4 .

 4 Figure A.4.13 Comparison between ordered and random distribution (a) D int /D 0 variation versus filler volume fraction for D eff /D 0 = 1 (b) D eff /D 0 variation versus filler volume fraction in the plateau domains

  Figure A.4.14 Comparison between random and ordered configurations for two different filler volume fraction and interphase thicknesses

  Figure A.4.14 (a) and (b) (D eff /D 0 increases from 1.44 to 1.77) or Figure A.4.14 (c) and (d) (D eff /D 0 increases from 2.79 to 5.82) respectively. Additionally, increasing interphase layer thickness is also an important factor for the interconnection of interphases and thus increasing D eff /D 0 values.

  the potential energy savings compared to conventional separation techniques (distillation, absorption,…)[START_REF] Monsalve-Bravo | Modeling Permeation through Mixed-Matrix Membranes : A Review[END_REF]. The separation process through membranes is based on the differential permeation of the components in one mixture. The first experiments on gas permeation membranes were conducted by Graham who studied the use of polymeric membranes and gave the first description of the -solution-diffusion mechanism‖[START_REF] Graham | The solution-diffusion model[END_REF][START_REF] Pandey | Membranes for gas separation[END_REF].Later, Fick studied gas diffusion through polymeric membranes and developed his own concept of diffusion known as -Fick's laws‖ that describe quantitatively mass transport through boundary layers (S.[START_REF] Sridhar | Membrane-based Gas Separation : Principle[END_REF]. The background of gas separation membranes history is presented in Figure B.1.1.

Figure B. 1 . 1

 11 Figure B.1.1 Background of membrane gas separations (S.[START_REF] Sridhar | Membrane-based Gas Separation : Principle[END_REF] 

  is important to mention here that Robeson et al. showed that for a specific gas pair, polymeric membranes are lying on or below a curve defined as the upper bound tradeoff curve (Aroon, Ismail, Matsuura, & Montazer-Rahmati, 2010) (Figure B.1.2).

Figure B. 1 . 2

 12 Figure B.1.2 O 2 /N 2 upper-bound curve in polymeric membranes It was shown that glassy polymers were preferred over rubbery polymers in industries, first because of their durability (H. B. Park et al., 2017; Shindo & Nagai, 2013) and secondly, because they are located nearer to the upper-bound trade-off curve (occupying the left part of the plot) (Ismail, Khulbe, & Matsuura, 2015) (Figure B.1.3).

Figure B. 1

 1 Figure B.1.3 O 2 /N 2 upper bound correlation for glassy and rubbery polymeric membranes as referred in (Robeson, 1991)Table B.1.1 presents examples of the major glassy and rubbery polymers used in the gas separation industries[START_REF] Bernardo | Membrane Gas Separation : A Review/State of the Art[END_REF].

  solutions. According to several authors (Das, Perry, et Koros 2010; Kong, Shintani, et Tsuru 2010), this process reduces filler agglomeration in the final solution. Examples of the different strategies for preparing gas separation mixed matrix membranes reported in literature are presented in the following figure (Figure B.1.4).

Figure B. 1 . 4

 14 Figure B.1.4 Strategies to overcome challenges for MMMs fabrication as reported in Dong et al. work[START_REF] Dong | Challenges and opportunities for mixed-matrix membranes for gas separation[END_REF] 

Figure B. 1 . 5

 15 Figure B.1.5 Robeson plot for CO 2 /N 2 selectivity versus CO 2 permeability as reported in literature[START_REF] Close | CO2/N2 separations using nanoporous alumina-supported ionic liquid membranes : Effect of the support on separation performance[END_REF] 

  [START_REF] Casado-Coterillo | Synthesis and characterisation of MOF/ionic liquid/chitosan mixed matrix membranes for CO2/N2 separation[END_REF] have prepared threecomponent MMMs based on chitosan,[Emim] [Ac] and ZIF-8. They showed that the thermal stability of the prepared membrane was enhanced by the combined effect of the IL and MOFs particles. Moreover, interesting gas separation properties have been obtained for the studied membranes with respect to the amounts of each additive. The best properties have been obtained for 10 wt% ZIF-8-IL-chitosan membranes where CO 2 permeability was as high as 5413 Barrer while CO 2 /N 2 selectivity was around 11.5. Besides, Hao et al.[START_REF] Hao | Room temperature ionic liquid/ZIF-8 mixedmatrix membranes for natural gas sweetening and post-combustion CO2 capture[END_REF] have shown that CO 2 permeability of membranes consisting in Poly(RTIL) combined with RTIL and ZIF-8 particles (P[vbim] [NTf2]/[Emim] [NTf2]/ZIF-8) can reach over 1000×3.348×10 -19 kmol m/(m²s pa). For a membrane containing 25.8 wt% ZIF-8 (the weight ratio of poly(RTIL) and RTIL was fixed to 2), an impressive performance of CO 2 /N 2 separation was recorded where CO 2 permeability is around 906.4 Barrer and CO 2 /N 2 selectivity was 21. It must be added here that the obtained enhancement of the permeability was in agreement with the Maxwell law.[START_REF] Li | Pebax-based composite membranes with high gas transport properties enhanced by ionic liquids for CO2 separation[END_REF] have combined three components (Pebax, ZIF-8 and IL) to develop a membrane with good gas separation properties. Their results have highlighted the important role of the ionic liquid in determining the gas permeability and more particularly in the improvement of the compatibility between ZIF-8 particles and the polymer matrix. The CO 2 permeability of the Pebax/15 wt% ZIF-8 /80 wt% IL membranes was 4.3 times that of the pure Pebax membrane without sacrificing the CO 2 /N 2 selectivity. It was concluded that a three-component approach could be a promising way for the efficient separation of CO 2 . To the best of our knowledge, Polyetherimide was not used as matrix in such three-component systems. Additionally, all of the cited three component membranes are made of important amounts of IL (beyond 20 wt%) which led us to develop three-component membranes for gas separation applications based on Ultem polymer with the incorporation of low amounts of[Emim] [BF 4 ] (below 10 wt%) and ZIF-8 particles.

(

  noticed that equation (B.1.10) is very similar to equation (B.1.1) except the presence of the factor β eff which is a model parameter for the effectiveness of volume fraction of the dispersed phase. β eff was defined by the authors as follows: (B.1.11)

Figure B. 1 . 6

 16 Figure B.1.6 The geometry used in Wang et al. work (a) fillers parallel to z-axis (mass flux direction) (b) fillers normal to z-axis (mass flux direction) (T. P. Wang & Kang, 2015)The numerical solutions were obtained by solving Fick's diffusion equation using the FEM method. Several morphological parameters were taken into consideration in their model such

  the out-of-plane diffusivity (Figure B.1.7)), the resulting effective diffusivity is governed by the out-of-plane diffusivity. Moreover, it has been concluded that high MMMs selectivity could be obtained using fillers with isotropic diffusivity.

Figure B. 1 . 7

 17 Figure B.1.7 Schematic illustration of in-plane and out-of-plane diffusivity of the fillerThe estimation of the effective diffusivity in the mixed matrix membranes was also studied byYang and coworkers (A. C. Yang, Liu, & Kang, 2015). The specificity of their work is the consideration of hollow fibers made from mixed matrix membranes, which had not been reported in literature before. The relative effective diffusivity variation as a function of the filler volume fraction has been investigated and compared to Maxwell model. The simulation results highlighted the effect of the filler diffusivity and solubility on the enhancement of the overall transport in the mixed matrix membranes hollow fiber. Moreover, the team evidenced that filler size can affect the diffusivity (the smaller the filler, the higher the MMMs diffusivity). The dimensions of the MMMs are also factors that influence the overall

Figure B. 2 .

 2 1 (a) and (b) show mass loss curves and DSC thermo-grams for reference PEI membranes and PEI/IL membranes.

Figure B. 2

 2 Figure B.2.1 (a) TGA mass loss curves and (b) DSC thermograms for PEI/x IL (x=0; 2.5; 7)

  of PEI/IL membranes are presented in Figure B.2.1 (b). The PEI reference membrane exhibits a glass transition temperature of 216°C which is in agreement

  images of neat PEI, PEI/ 2.5 IL and PEI/ 7 IL membranes are presented in Figure B.2.2 a to d.

Figure B. 2 . 2

 22 Figure B.2.2 SEM images for the cross-section morphologies of (a) neat PEI (b) and (c) PEI/2.5 IL membranes (d) and (e) PEI/7 IL membranes

Figure B. 2 . 3

 23 Figure B.2.3 EDX spectra of (a) PEI matrix and (b) IL

Figure B. 2 .

 2 4 a compares the mass loss curves of the PEI/ZIF-8 membranes to that of neat PEI.

Figure B. 2

 2 Figure B.2.4 (a) TGA mass loss curves and (b) DSC thermograms of the mixed matrix membranes

Figure B. 2 . 6

 26 Figure B.2.6 EDX spectra of a filler aggregate in PEI/10 wt% ZIF-8

Figure B. 2 .

 2 7 where the dotted lines reported as guides for eyes show a higher increase of relative permeability in the range of filler content between 17 and 25 wt% than in the range below 17 wt%. The relative permeability is defined as the permeability of the PEI/ZIF-8 membranes ratioed by the permeability of the neat PEI.The data of Figure B.2.7 also suggests that the formation of continuous paths begins for filler amounts between 15 and 20 wt% increasing is accelerated at this fillers content range.

Figure B. 2 . 7

 27 Figure B.2.7 Relative permeability variation as a function of ZIF-8 content for the three studied gases

Figure B. 2 .

 2 Figure B.2.10 compares the TGA and DSC plots of the three component membranes to that of the corresponding two component membranes. The thermograms of the neat PEI film have also been included in the figures as reference.

Figure B. 2 .

 2 Figure B.2.10 (a), (b) TGA and (c) DSC plots of the studied membranes

Figure B. 2 .

 2 Figure B.2.11 SEM images of the prepared membranes (a) PEI/10 ZIF-8 (b) PEI/2.5 IL (c) PEI/2.5 IL/10 ZIF-8 (d) PEI/7 IL (e) PEI/7 IL/10 ZIF-8

  2 diffusion coefficient increases by a factor around 10 when adding 7 wt% of IL to PEI/ZIF-8 membranes whereas CO 2 solubility coefficient decreases by a factor around 2 which confirms the prevailing role of the diffusion coefficient in the gas transport mechanism. Moreover, one can see thanks to the SEM observations made at larger scale on PEI/7 IL/10 ZIF-8 (Figure B.2.13) that the introduction of IL in a high enough amount allows obtaining less dense ZIF-8 aggregates and percolation paths that finally act as diffusion paths.

Figure B. 2 .

 2 Figure B.2.13 SEM image of the cross section of PEI/7 IL/10 ZIF-8 Figure B.2.14 presents a plot of H 2 /CO 2 selectivity versus H 2 permeability for the membranes studied in this work. The data is compared to the upper bound line determined by Robeson

Figure B. 2 .

 2 Figure B.2.14 H 2 /CO 2 selectivity of the prepared membranes versus H 2 permeability

  2 our experimental permeability values to the predictions of the widely used Maxwell model and found fair agreement. However, Maxwell model is limited as

  configurations were modeled: the first one corresponds to a dispersion of single permeable spheres (diameter D = 5 μm), randomly positioned in the polymer matrix (Figure B.2.15 (a)). This choice of filler shape and dimension was based on SEM images and aimed at representing the discrete aggregates observed within the materials. The simulation domain is a cubic representative volume element (RVE) with 50 μm edge length. The random positioning of fillers in the computational domain was generated using a JAVA algorithm coupled with the finite element package COMSOL Multiphysics. This algorithm contains conditions that ensure non-overlapping of the spheres. The second configuration corresponds to a dispersion of stacks composed of three permeable spheres, randomly positioned in the polymer matrix using the same generation algorithm (Figure B.2.15 (b)).

Figure B. 2 .

 2 Figure B.2.15 Simulation domain containing (a) discrete spherical filler aggregates (b) stacks composed of three aggregates

  fractions beyond 38 % due to geometrical constraints. SEM analysis have shown that for filler volume content below 38 %, the PEI/ZIF-8 membranes featured single filler aggregates homogenously dispersed within the PEI matrix. The results of Figure B.2.16 show that the simulated configurations leading to the best fitting of the experimental data correspond to such morphology with aggregates diffusivity value equal to 10 times the diffusivity of the PEI matrix. Thus, the actual D ZIF-8 /D 0 value is probably lower than one (10 3 ). This result could be explained by the fact that the matrix surrounding the fillers may lead to actual dispersed phase diffusivity values different from intrinsic diffusivity of neat fillers. Considering now the three component system PEI/2.5 IL/10 ZIF-8, it can be noticed that the experimental D eff /D 0 point is lying close to that of the simulation corresponding to stacks of aggregates having diffusivity
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Table A .1.1 -

 A Summary of analytical models cited in the review.

	Model

Filler type Array/Orientation Model dimension Aspect ratio Relative diffusivity

  

	Cussler (Cussler et al., Aris (Aris, 1986)	Ribbons of infinite length Flakes of d wide and t	Regular array, oriented Regular array, oriented	2D 3D	w/t d/2t		(		
	1988)	with a width thick,							
		w and thickness t separated by distance b,						(	=1	))
		and extending							
	Cussler (C.	Ribbons of infinitely	Two courses of	2D	w/t				
	Yang et al.,	infinite length	ribbons with						
	2004)	with a width	alignment and						
	Fredrickson-Bicerano	w and thickness t Disk with a diameter D	misalignment occurring with Random array, oriented	3D	d/t	(	(	=1/2	) )
	(Fredrickson & Bicerano,	and thickness e	equal probability			χ=πα/ (2ln(α/2))
	1999)								
	Cussler (C.	Hexagons	Random array,	2D	w/t				
	Yang et al., 2004) Dil et al (Jalali	with a width w and Ribbons of	oriented Random array,	2D	d/2t					( *
	Dil et al., 2019)	thickness t infinite length with a width	non-oriented			(		=2/27 √	)
		w and							
	Raleigh(Lord	Cylindrical thickness t	Regular array,	2D	1				
	Rayleigh,	form	oriented						
	1892)								
	Lape-Cussler	Ribbons of	Random array,	2D	w/t				
	Maxwell (Lape et al.,	Spherical infinite length	Homogeneous oriented	2D	1				
	(Maxwell, 2004)	form with a width	dispersion of						
	1873)	w and	impermeable						
		thickness t	spheres						
	Bruggeman Lu (Lu & Mai,	Spherical Platelets of	Homogeneous Random array,	2D 2D	1 w/t				
	(Bruggeman, 1935) 2007)	form infinite length with a width	dispersion of impermeable non-oriented					(		*
		w and	spheres						
		thickness t							
	Maxwell-	Spherical	Homogeneous	2D	1				
	Wagner-Siller Bharadwaj	form Ribbons of	dispersion of Random array,	2D	w/t				
	(Bouma et al., (Bharadwaj,	infinite length	impermeable non-oriented						
	1997; Rafiq et 2001)	with a width	spheres						
	al., 2014)	w and thickness t				O = ½ (3cos²θ-1)
	Higuchi	Spherical	Homogeneous	2D	1				
	(Higuchi, Sorrentino	form Ribbons of	dispersion of Regular array,	2D	w/t				
	1958; Higuchi & Higuchi, 1960) al., 2006) (Sorrentino et	w and with a width infinite length	impermeable spheres non-oriented		(				)
		thickness t							
	Nielsen	Ribbons of	Regular array,	2D	w/t				
	(Nielsen, 1967) Nazarenko	infinite length Stacks of	oriented Random array,	2D	d/t				
	(Nazarenko et	with a width disks with a	non-oriented						
	al., 2007)	w and diameter D							
		thickness t and thickness							
		e							

Table A

 A 

.1.2 gives a concise overview of the numerical models discussed in this part, with respect to the considered filler shape, orientation, array, the model dimension and the simulation method they use. It also clarifies which type of methodology is related to each model as it specifies for each case if an analytical equation has been derived from numerical results, if an equation has been used to formulate the numerical model or if an analytical equation has been used to validate the numerical model, the details being discussed previously.

Table A .

 A 1.2 : Sum-up of numerical models discussed in the review a) Equation derived from numerical results, b) Equation used to formulate the numerical model, c) Analytical equation used to validate the numerical model

	Tsiantis	Rectangular	Random array// homogeneous	2D	RSA	a) c)
	(Tsiantis &	flakes	distribution		algorithm	
	Papathanasio					
	Model u, 2019)	Filler type	Array/Orientation	Model	Method	Equation
				dimension		
	Greco	Rectangular	Random array// heterogeneous	2D	FEM	a)
	Minelli (Minelli, 2014a) (Greco,	Platelets platelets	regular array// homogeneous distribution distribution	2D	FVM	a)
	Baschetti, &					
	Doghieri, Dondero	Rectangular	Random array// heterogeneous	2D	BEM	a)
	2009) (Dondero et	flakes	distribution			
	al., 2016)					
	Falla (Falla et	Platelets	regular array// homogeneous	2D	Monte	c)
	al., 1996) Greco	Rectangular	distribution Random array// heterogeneous	2D	Carlo FEM	a)
	(Greco,	platelets with	distribution			
	2014b)	presence of				
	Chen (X.	Rectangular galleries	regular array// homogeneous	2D	BEM	c)
	Chen &	flakes	distribution			
	Papathanasio (Minelli et u, 2007) Minelli	squares, Hexagonal,	Random array// homogeneous distribution regular array// homogeneous	3D	FVM	c)
	al., 2011)	octagonal	distribution			
		tablets and				
		circular disks	regular array// heterogeneous			
			distribution Random array// homogeneous			a)
			distribution			
	Swannack	Rectangular	Regular array// homogeneous	2D	Monte	c)
	(Swannack et Swannack	flakes Rectangular	distribution regular array// homogeneous	3D	Carlo Monte	c)
	al., 2005) (Swannack et	flakes	distribution		Carlo	
	al., 2005)					
	Sridhar (L. N.	Platelets	Regular array// homogenous	2D	FDM	b)
	Sridhar et al., Goodyer	Ribbons,	distribution regular array// homogeneous	3D	FEM	a)
	2006) (Goodyer &	squares and	distribution			
	Bunge, 2007)	hexagons				
	Statler (Jr &	Platelets	Regular array// homogenous	2D	FEM	b)
	Gupta, 2007) Gusev	Disks	distribution Random array// homogeneous	3D	FEM	b)
	(Gusev &		distribution			
	Minelli Lusti, 2001)	Hexagonal,	Random array// homogenous	2D	FVM	a)
	(Minelli et	square,	distribution			
	al., 2011) Greco (Greco	octagonal Permeable	Random array// heterogeneous	3D	FEM	a)
	&	tablets and disks with	distribution			
	Maffezzoli,	circular disks presence of				
	2015a)	galleries				
	Bhunia	Platelets	Random array// homogeneous	2D	FEM	c)
	(Bhunia et Cerisuelo	TEM	distribution Random array// heterogeneous	3D	FEM	c)
	al., 2012) (Cerisuelo et	micrographs	distribution			
	al., 2015)					
	Tsiantis	Rectangular	Random array// homogeneous	2D	RSA	a)
	(Tsiantis &	flakes	distribution		algorithm	
	Papathanasio					
	u, 2017)					

  However, the linear model becomes less accurate as the k values get lower, due to the overlapping effects increasing the tortuosity of the system: in the low k range, the linear model tends to overestimate the effective diffusivity. Hence, a supplementary term  has to be subtracted from Eq. (A.2.27) in order to correct the D eff /D 0 values in the low k range: ensures that the value of asymptotically tends to zero as k tends to unity. Hence, B is an exponential decay constant that can be approximated as:(A.2.29) recalling that any quantity undergoing exponential decay virtually vanishes when the dependent variable reaches a value approximately equal to 5 times the decay constant. Indeed, in the present case, the  term is supposed to vanish when overlapping disappears, i.e. for k  k lim . Considering that k lim = 0.215 (for the centered middle layer disk case), a value B = 0.04 has been assumed and proved to yield good agreement.In summary, based on equations (A.2.26) and (A.2.28), the complete expression of the analytical model correlating the relative effective diffusivity to the k ratio by taking into account linear and non-linear effects reads:

		exp ( (	*) *	exp ( (	*)+	exp (	*	(A.2.30)
		*	exp ( (	*)+	exp (	*	(A.2.28)
	The first factor	exp ( (		)* ensures that vanishes if  =  min = 2/α and that is
	maximum if  is very large. Indeed, as shown by Figure A.2.9, the deviation between the

2.27) which is consistent with the behavior observed in Figure A.2.8.

linear regime and the non-linear regime increases with . A is a pre-exponential scaling parameter to be determined by fitting the numerical simulation results. The value A = 0.27 has been found to provide good agreement with the numerical data. Finally, the second exponential factor exp ( )

A.3.8).
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 B 

	Glassy polymers	Rubbery polymer
	Polyimides	Poly (dimethylsiloxane)
	Polysulfone	
	Poly(phenylene oxide)	
	Polyperfluorodioxoles	
	Cellulose acetate	
	Polycarbonate	

.1.1 Examples of the most used glassy and rubbery polymers in gas separation industrial applications

[START_REF] Bernardo | Membrane Gas Separation : A Review/State of the Art[END_REF] 

  Tanaka & Okamoto, 

				Upper Bound	
				Glassy polymers	
				Rubbery polymers	
	15				
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	1E-3	0.01	0.1	1	10
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Table B

 B Example of some couples Polymer/Filler used in mixed matrix membranes in the literature

	Polymer	Filler	Reference
	Ultem1000 and	Zeolite/Carbon molecular	(Husain & Koros, 2007; J.
	Matrimid5218	sieves	Liu et al., 2009; Vu et al.,
			2003; C. Zhang, Dai,
			Johnson, Karvan, & Koros,
			2012)
	PDMS and polysulfone	Cu-BTC	(Car, Stropnik, &
			Peinemann, 2006)
			(Sánchez-Laínez, Gracia-
	Pebax	UiO-66; ZIF-7; ZIF-8	Guillén, Zornoza, Téllez, &
			Coronas, 2018)
	Poly(vinyl acetate)	Zeolite 4A	(Adams et al., 2011; J.
			Ahmad & Hägg, 2013b,
			2013a)
	Polyethersulfone (PES)	Zeolite 5A	(Y. Li, Chung, Cao, &
			Kulprathipanja, 2005)
	Rubber	Zeolite 4A	(Amnuaypanich, Naowanon,
			Wongthep, & Phinyocheep,
			2012)

.1.2 shows examples of filler/matrix couples reported in literature for gas separation enhancement.

Table B.1.2

  those materials in polymer matrix offers the opportunity to get excellent separation properties. The most promising zeolites used for gas separation applications are zeolite-L (M 9 [Al 9 Si 27 O 72 ]•21 H 2 O (M = K + or Na + ) ) and zeolite-4A (Na 12 [Al 12 Si 12 O 48 ]27H 2 O)

Table B .

 B 

	Cations	Anions
	Imidazolium [im]	Tetrafluoroborate [BF 4 ]
	Ammonium [N]	Bis(Triflimide) [Tf 2 N]
	Pyridinium [py]	Hexafluorophosphate [PF 6 ]
	Sulfonium [S]	Triflate [OTf]

1.3 summarizes some examples of cations and anions used to form ionic liquids:

Table B.1.3 Examples of anions and cations used for IL preparation

Table B

 B 

	.1.5 CO 2 permeability and CO 2 /N 2 selectivity as reported in literature (Mahurin,
		Hillesheim, Yeary, Jiang, & Dai, 2012)	
	Ionic Liquid	CO 2 permeability (Barrer)	CO 2 /N 2 selectivity
	[Emim] [Tf2N]	1702	23
	[Emim] [OTf]	1171.4	40.5
	[Emim] [BF 4 ]	968.5	44.5
	Other researchers tried to compare SILMs to polymeric membranes and have concluded that
	the former showed better performance with permeabilities/selectivities that were close to the
	Robeson plot upper bound (Figure B.1.5)	

  . To overcome this problem, the same authors have investigated PIL/IL composites based on alkyl functionalized vinylimidazolium PILs which were blended with different ILs such as [C2mim] [N(CN) 2 ]. The result of such choice led to an increase in CO 2

  It must be noticed here that if f max = 1 (f max being the maximum filler volume fraction), Pal model reduces to Bruggemann model. The Pal model is able to calculate the permeance in MMMs systems taking into account the effect of the morphology on permeability through the parameter f max , which is sensitive to morphology.

	( ) ( ( )	* , (	*	(B.1.7)
	1.2.1.1.2 Models for gas transport in non-ideal MMMs		

Table B .1.6

 B Mathematical models for permeability prediction in two component systems

	Model	Equation
	Logarithmic model	
	Series model	
	Parallel model	

Table B

 B 

		Cussler(Monsalve-Bravo			
		& Bhatia, 2018)			(	*
		Pal(Pal, 2007)	(	)	( ( ) ( ( )	* ,
					(	*
	Non-ideal	Modified			
	MMMs	Maxwell(Mahajan &			
		Koros, 2002b)			
		Li(Y. Li et al., 2006)			
	Polymer/IL	Mannan(Mannan et al.,			
		2017)			
	MMMs/IL	MWS(Mohshim et al.,			
		2014)			
	.1.7 A sum-up of the theoretical models for gas transport properties in composite
		systems			
	System	Model			Equation
	Ideal MMMs	Maxwell(Maxwell, 1873)			
		Bruggemann(Bruggeman, 1935)			(	)
					(	*
		Nielsen(Lewis & Nielsen, 1970)			( )
					( )
					( )
					( )

  from 351 to 1287 Barrer for a membrane containing 35 wt% of ZIF-8. Xu et al. even showed a higher enhancement in CO 2 permeation performance by inserting ZIF-8 particles in Pebax 1657 matrix[START_REF] Xu | Enhanced permeation performance of polyether-polyamide block copolymer membranes through incorporating ZIF-8 nanocrystals[END_REF]. The membrane containing 18 wt% ZIF-8 exhibited as high as 300 % increase in CO 2 permeability in comparison with the neat Iruin, 1998).[START_REF] Eiras | Ultem®/ZIF-8 mixed matrix membranes for gas separation : Transport and physical properties[END_REF] prepared MMMs from PEI, with the aim to improve its gas separation properties. They showed that the addition of ZIF-8 could increases CO 2 permeability without detrimental effects on CO 2 /CH 4 and CO 2 /N 2 selectivities.

	polymer membrane. More recently, some researchers used glassy polymers such as
	polyetherimide (PEI-Ultem1000) to prepare mixed matrix membranes for gas separation
	applications. This amorphous polymer has already been shown as particularly interesting for
	membrane applications. It is a thermally stable material from which it is possible to easily
	form dense or porous membranes (Clémenson, Espuche, David, & Léonard, 2010; Kurdi &
	Tremblay, 1999; López-González, Compan, Saiz, Riande, & Guzman, 2005; Qariouh, Schué,
	Schué, & Bailly, 1999; Ripoche, Menut, Dupuy, Caquineau, & Deratani, 2002; Uriarte,
	Alfageme, &
	Haldoupis et al. (Haldoupis, Watanabe, Nair, & Sholl, 2012) showed
	that those fillers could have important membrane selectivity for CO 2 /CH 4 mixture. Several
	authors focused on MMMs based on polymeric membranes and zeolitic imidazolate

frameworks (ZIF-8) particles.

[START_REF] Nafisi | Development of dual layer of ZIF-8/PEBAX-2533 mixed matrix membrane for CO2 capture[END_REF] 

incorporated ZIF-8 within a commercial polyamide-block-ether copolymer (Pebax 2533). The initially good CO 2 permeability of the semi-crystalline and rubbery matrix was further improved: the permeability increased

Table B .2.2.

 B 

	Table B.2.2 Gas transport properties of PEI/IL membranes (the uncertainty is about 5% for P
			and D CO2 and 10% for S CO2 )		
		P He	P CO2	P H2	D CO2 x10 -9	S CO2	α H2/CO2
		(Barrer)	(Barrer)	(Barrer)	(cm 2 /s)	(cc STP /cm 3 .cm Hg )	
	PEI	9.2	1.83	7.9	1.6	0.11	4.32
	PEI/2.5 IL	8.6	1.15	7.4	1.9	0.06	6.43
	PEI/7 IL	9.1	1.49	10	2	0.07	6.71

Table B .

 B Concerning the membrane surface properties, TableB.2.1 shows that the introduction of ZIF-8 fillers within PEI matrix has a significant impact on the value of the contact angles for both liquid probes (H 2 O and CH 2 I 2 ). The contact angle increases for diiodomethane whereas it 2.3 summarizes the permeability coefficients measured for He, H 2 and CO 2 as well as the CO 2 diffusion and solubility coefficients. The H 2 /CO 2 selectivity values are also reported in the table.

	decreases for water. Finally, the dispersive surface tension	decreases whereas the polar
	surface tension	increases, leading to global surface energy value close to that determined
	for reference PEI.
	2.3.2.2	Gas transport properties

Table B .2.3

 B Gas transport properties of the prepared membranes

		P He	P CO2	P H2	D CO2 x10 -9	S CO2	α H2/CO2
		(Barrer)	(Barrer)	(Barrer)	(cm 2 /s)	(cc STP /cm 3 .cm Hg )	
	PEI	9.2	1.8	7.9	1.6	0.11	4.4
	PEI/10 ZIF-8	18,3	3,6	17,1	2.7	0.13	4.8
	PEI/15 ZIF-8	19,7	3,7	18,3	2.9	0.12	5.0
	PEI/20 ZIF-8	27,8	5,5	25,6	4.8	0.11	4.7
	PEI/25 ZIF-8	36,2	6,8	30,0	6.7	0.10	4.4

Table B .2.4.

 B 

	1
	5µm
	4

Table B .2.4

 B Gas permeability, diffusivity and selectivity of the prepared membranes Comparing the permeability values of the PEI/IL/ZIF-8 membranes to those of PEI/IL and PEI/ZIF-8 membranes (Table B.2.2 and Table B.2.3, respectively), one can evidence the drastic increase of gas flux by adding both IL and ZIF-8 in the PEI matrix. CO

		P He	P CO2	P H2	D CO2	S CO2	α H2/CO2
		(Barrer)	(Barrer)	(Barrer)	x10 -9	(cc STP /cm 3 .cm Hg )	
					(cm 2 /s)		
	PEI/2.5 IL/10 ZIF-	20	8.5	18	6.1	0.14	2.1
	8						
	PEI/7 IL/10 ZIF-8	28.3	14	36.6	25	0.056	2.6

Considering the unit cell, the filler volume fraction is the ratio of the volume occupied by fillers (two net disks) to the total volume of the unit cell, which reads: (A.2.1) Hence, the in-plane space step p x can be expressed solely as a function of the geometrical parameters of the system:

In other words, the in-plane dimensions p x and p y of the unit cell are completely determined by the given filler dimensions D and e, volume fraction f and thickness-wise space step p z .

Using appropriate boundary conditions, the unit cell constitutes a relevant computational domain for solving the governing equation of the diffusion mass transfer process in the repeating structure.

Governing equation and boundary conditions

Mass transfer in the nanocomposite is assumed to follow Fick's second law of diffusion, which can be expressed, in the absence of mass source and in stationary regime, by the partial differential equation:

where is the molar concentration of the permeating specie i and is the mass diffusion coefficient (or diffusivity) of permeating specie i in medium j. In the present case, diffusion is assumed to occur only in the matrix phase and the diffusivity of the considered specie in the matrix phase is denoted by D 0 . In the numerical simulation, a constant value D 0 = 10 -12 m².s -1 has been used. It is a representative value of the diffusion of gases in polymers. In the following, the variable associated with the molar concentration of the permeating specie at any point of the computational domain (i.e. the concentration field) is denoted by .

In order to obtain a well-posed boundary value problem, Fick's PDE was solved together with the following boundary conditions:

concentration boundary conditions were imposed on the lower (z = 0) and upper (z = Assuming that p x = p y = p p (i.e. the filler spacing in each nanocomposite layer is isotropic in both in-plane directions x and y), the projected area ratio is expressed as:

Recalling the expression of the filler volume fraction f (Eq. (A.2.1)), the in-plane dimension of the unit cell p p can be written as: The effect of the k ratio on the effective relative diffusivity was investigated at first on a unit cell configuration with a centered position of the middle layer disk (i.e. s x = s y = p p /2). In order to allow matching a volume fraction range of 1% to 10%, the dimensionless space step  was varied between 0.05 and 1. For each  value, the k ratio was then changed by modifying the filler volume fraction f. For each studied configuration, the relative effective diffusivity D eff /D 0 was evaluated from the FEM calculation results (Eq. (A. Furthermore, results obtained from FEM calculations and from the developed equation were compared to Minelli [START_REF] Minelli | A comprehensive model for mass transport properties in nanocomposites[END_REF] and Aris [START_REF] Aris | On a problem in hindered diffusion[END_REF] works. It should be mentioned here that Minelli and coworkers proposed an analytical model depending on the r factor defined as:

where σ s is the so-called slit shape i.e. the parameter quantifying the aspect ratio of the matrix phase region located between adjacent fillers. For the unit cell geometry used in the present work, the slit shape could be expressed as follows:

(A.2.32)

Minelli's model consists of two equations:

and

It should be mentioned that fillers aspect ratio in Minelli's model is defined in a slightly different way with respect to the current work.

Aris's equation is recalled hereinafter:

The results are compared for a fixed value of σ s = 5 and α = 40 and for fillers volume fraction ranging between 0.5% and 10% (Figure A.2.13).

Numerical solution and effective diffusivity evaluation

The FEM requires proper discretization (or meshing) of the computational domain in order for the numerical solver to provide accurate and stable results. Since the fillers are assumed impermeable, only the matrix and interphase domains must be meshed. An unstructured mesh consisting of tetrahedral elements was generated and refined sufficiently to ensure obtaining a mesh-independent solution, meaning that the results are not affected by any numerical artifact arising from the discretization method ( 

The effective diffusivity of the nanocomposite is finally given by:

where ̅̅̅ is the average mass flux of the permeating specie across a plane section S normal to z-direction and located at z = z 0 within the unit cell:

with N z the z-component of the mass flux vector. It should be noted that the mass conservation principle and the periodic boundary conditions ensure that the average mass flux is the same in any plane section. Hence, z 0 could be indifferently any value chosen between 0 and p z . In the present work, the mass flux surface integral was evaluated on the upper face of the unit cell (i.e. z 0 = p z ). The most convenient parameter for characterizing and comparing the barrier effect obtained in the different simulated nanocomposite systems is the relative effective diffusivity, defined as the ratio ⁄ . One should note that this dimensionless quantity is not dependent on the neat matrix diffusivity D 0 , as shown in the previous chapters.

Results and Discussion

In this section, results will be presented and discussed for both types of filler arrangement (ordered and random) in the polymer matrix, considering two complementary cases:

case A: interphases are thin enough and filler volume fraction is low enough to prevent overlapping in z-direction and the formation of a continuous diffusion path;

case B: interphases are thick enough and filler volume fraction is high enough to overlap and a continuous diffusion path may be formed through the whole domain thickness.

Ordered filler distribution

Case A: No continuous diffusion path through interphases

Diffusion in systems composed of regularly distributed fillers surrounded by interphase layers with thickness varying from 0.25 to 1 nm was simulated using the RVE presented in All curves exhibit a similar sigmoidal shape where three distinct domains can be easily discriminated: the first one corresponds to low values of D int /D 0 (between 10 -4 and 10 -1 ), the second one to D int /D 0 values ranging between 10 -1 and 10 4 and the third one corresponds to high values of D int /D 0 (beyond 10 4 ).

Metal Organic Frameworks (MOFs)

This type of materials has recently attracted the attention of researchers for the enhancement of gas separation properties of the mixed matrix membranes thanks to their controlled porosity and their affinity towards certain gases (CO 2 , CH 4 ) [START_REF] Dong | Challenges and opportunities for mixed-matrix membranes for gas separation[END_REF]. Two of the most commonly used MOFs for MMMs preparation in literature are: MOF-5 [START_REF] Perez | Mixed-matrix membranes containing MOF-5 for gas separations[END_REF], ZIF-8 [START_REF] Eiras | Ultem®/ZIF-8 mixed matrix membranes for gas separation : Transport and physical properties[END_REF][START_REF] Hao | Room temperature ionic liquid/ZIF-8 mixedmatrix membranes for natural gas sweetening and post-combustion CO2 capture[END_REF][START_REF] Liu | Gas transport properties and propylene/propane separation characteristics of ZIF-8 membranes[END_REF]. MOF-5 is a Metal-organic framework compound with the formula Zn 4 O(BDC) 3 while ZIF-8 formula is C 8 H 10 N 4 Zn.

Yaghi and coworkers, have shown that MOF-5 present high H 2 storage capacity which is attributed to their high surface area and also to H 2 /MOF-5 interactions [START_REF] Rosi | Hydrogen storage in microporous metal-organic frameworks[END_REF].

Moreover, the addition of 30 wt% MOF-5 particles to Matrimid matrix has increased the permeability of H 2 from 24.4 to 53.8 Barrer, that of O 2 from 1.90 to 4.1 Barrer and CO 2 permeability from 9.0 to 20.2 Barrer, respectively [START_REF] Jeazet | Metal-organic frameworks in mixed-matrix membranes for gas separation[END_REF].

Adding ZIF-8 (40 wt%) to Matrimid matrix led to an increase of permeability up to 271% for CH 4 , 239% for N 2 and 170% for CO 2 . According to the authors, this high permeability value suggests that the addition of ZIF-8 particles to Matrimid matrix increased the distance between polymer chains creating more polymer free volume [START_REF] Ordonez | Molecular sieving realized with ZIF-8/Matrimid® mixed-matrix membranes[END_REF].

In addition, hybrid fibers have been prepared using Ultem matrix with ZIF-8 particles. A significant enhancement of the perm-selectivity (as high as 20% compared to the neat polymer matrix) has been obtained [START_REF] Dai | Ultem®/ZIF-8 mixed matrix hollow fiber membranes for CO2/N2 separations[END_REF]. Permselectivity value equal to 32 has been obtained for the gas pair CO 2 /N 2 with the membrane containing 17 vol% ZIF-8.

Several studies have focused on the addition of ZIF-8 particles to PPEES polymer matrix (poly-(1, 4-phenylene ether-ether-sulfone)) with different loadings ranging between 10 and 30

wt%. An increase of CO 2 diffusion coefficient has been recorded from 2.1× 10 -8 cm 2 /s to 9.3× 10 -8 cm 2 /s for membranes containing 30 wt% of ZIF-8 [START_REF] Díaz | CO2 transport in polysulfone membranes containing zeolitic imidazolate frameworks as determined by permeation and PFG NMR techniques[END_REF].

However, to reach optimized functional properties, some problems have to be overcome during the membrane preparation. This will be detailed hereinafter.

such as their thermal stability and non-volatility, in CO 2 separation applications [START_REF] Hojniak | Ionic Liquids for Carbon Dioxide Separation on Membranes[END_REF]. The gas separation process through SILMs is governed by the solution-diffusion mechanism [START_REF] Hojniak | Ionic Liquids for Carbon Dioxide Separation on Membranes[END_REF]. Moreover, compared to non-supported liquid membranes, SILMs increase the efficiency and selectivity in the separation processes because of the higher contact area between the ILs and the gases.

Hereinafter is a summary of some of the SILMs that have been cited in literature: Room Temperature Ionic Liquids (RTILs) [START_REF] Scovazzo | Supported Ionic Liquid Membranes and Facilitated Ionic Liquid Membranes[END_REF] were used for acid gas separations such as CO 2 /N 2 and CO 2 /CH 4 separations. For the gas pair CO 2 /CH 4 a selectivity of 120 was reported while CO 2 permeability increased from 149 to 1720 Barrer.

On the other hand, it has been concluded through the work of Ilconich et al. [START_REF] Ilconich | Experimental investigation of the permeability and selectivity of supported ionic liquid membranes for CO2/He separation at temperatures up to 125°C[END_REF] that the nature of the anion of the ionic liquid could have a major

Chapter 2 Gas transport properties of membranes based on polyetherimide, metal organic framework and ionic liquid: Influence of the composition and morphology

An overview of the chapter

This last chapter aims to study the gas separation properties of three particular types of multiphase polymer systems selected from those presented in the previous chapter.

Mixed matrix membranes based on polyetherimide as continuous phase and ZIF-8 as dispersed phase are considered and their transport properties are investigated. A second system consisting of polyetherimide matrix with ionic liquid ([Emim] [BF 4 ]) is prepared and its separation properties are characterized. Finally, a system of mixed matrix membrane with ionic liquid is presented and its transport properties are compared to those obtained for the previous systems. The results are assessed in relation to existing experimental and theoretical data from the literature.

Furthermore, this chapter includes a numerical analysis of the transport properties of mixed matrix membranes using the finite element method according to the approach developed in Part A of this thesis.