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Résumé

La performance des membranes pour la filtration liquide est caractérisée par la perméabilité et la sélectivité du matériau. Cependant, il est impossible à l'heure actuelle de synthétiser un matériau polymère présentant à la fois une forte sélectivité et une perméabilité élevée. Pour contrer ce problème, la synthèse de membranes composites a été étudiée. Le projet de recherche présenté dans ce manuscrit se concentre sur la fabrication d'un matériau polymère nanostructuré et poreux pour le dépôt de couche-minces à la surface de membranes supports.

Pour ce faire, des systèmes de monomères acrylates auto-assemblés à base de tensioactifs commerciaux non-ioniques et non-polymérisables ont été synthétisés. L'identification de la structure des solutions de monomères a été réalisée par détermination de la biréfringence, ainsi que par analyses conductimétrique, RMN-PGSE et SAXS. Plusieurs systèmes autoassemblés ont été ensuite été sélectionnées pour polymérisation. Différentes méthodes de polymérisation (chimique et photochimique) ont été employées afin de transformer cette structure monomère, en un réseau polymère interconnecté nanoporeux. Si l'obtention de ce réseau a été prouvée, ce dernier reste tout de même différent de la structure initiale. Nous avons également démontré que le choix de la méthode de polymérisation est crucial, car il impacte l'évolution de l'interface de tensioactifs, et donc la microstructure, au cours de la polymérisation. Les performances membranaires des matériaux synthétisés ont ensuite été évaluées théoriquement et expérimentalement à l'aide de mesures de perméabilité à l'eau.

Enfin, une dernière partie de ce travail de recherche consiste en la simulation numérique du procédé d'enduction de microémulsions bicontinues sur membranes fibres creuses par procédé dip-coating. Nous avons mis en évidence la difficulté de réaliser des dépôts de microémulsions sur des membranes poreuses, sans entraîner un phénomène de pénétration capillaire préjudiciable à l'homogénéité et la perméabilité de la membrane composite.

De manière générale, ce projet de recherche a permis de déterminer les conditions expérimentales pour la synthèse d'un réseau polymère interconnecté nanoporeux réticulé à partir de de structures auto-assemblées stabilisées par des tensioactifs commerciaux nonioniques et non-polymérisables. Des travaux futurs sont nécessaires pour déterminer avec précision les performances expérimentales des matériaux polymères obtenus, pouvant a priori présenter des propriétés élastiques atypiques sous l'application d'une pression d'eau. 

Mots-clés

Φ V
Volume fraction of the dispersed particles -Membrane performances are characterised by two main properties: its permeability -how much liquid or gas can go through the membrane per unit of time, pressure and surface -and its selectivity -how good particles of defined size can be retained by the membrane.

Unfortunately, usual phase inversion techniques cannot be used to manufacture a membrane with both a good permeability and a high selectivity. A possibility to overcome this problem is to deposit a selective thin-film on a highly permeable supporting membrane. This support allows the newly formed composite membrane to exhibit both high mechanical resistance and high permeability, while the deposited thin-film increases the composite selectivity. In the context of this work, we will only focus on the synthesis of bicontinuous nanostructured polymer thin-film, and more specifically to the polymer templated from microemulsion and liquid crystal nanostructures, cf. Figure I.1. The synthesis of bicontinuous polymer structures have been widely investigated the last three decades and proven successful when polymerisable surfactants are used to bring structuration to the system. These compounds, however, are expensive to produce and the process is difficult to scale up. In order to counteract this problem, systems based on non-polymerisable surfactants have been investigated.

However, the inability to immobilise these compounds into the forming polymer network led to the modification of the system microstructure during polymerisation. Therefore, at present time only few non-polymerisable surfactant systems have been proven usable.

The present project is a continuation of the work carried out by our research team in the Laboratoire de Génie Chimique (Toulouse, France). A non-ionic microemulsion based on a nonpolymerisable surfactant mix has proven to result in a bicontinuous nanometric structure, which would meet the criteria to be good candidate as a bicontinuous nanostructured polymer thin-film. The present research aims to study this formulation and to investigate the mechanisms leading to the obtention of a bicontinuous polymer nanostructure upon polymerisation of a microemulsion stabilised by a non-ionic, non polymerisable, commercial surfactant mix.

The present manuscript is organised as follows:

Chapter 1 describes the state of art of membrane synthesis using surfactant-based selfassembled monomer systems. A specific attention will be paid to the membrane performances resulting from microemulsion and liquid crystal templating presented in the literature. The various characterisation techniques used to investigate such systems will then be presented.

Chapter 2 presents the materials and methods used as part of this project to formulate, polymerise and characterise the nanostructured polymers from surfactant-based systems.

Chapter 3 focuses on the characterisation of monomer systems prior to polymerisation. The investigation of various compositions formulated with an equimassic mix of the Synperonic TM A11 and Tergitol TM 15-S-12 non-ionic, non-polymerisable commercial surfactant mix has led to the identification of liquid crystal as well as non-birefringent transparent solutions, whose microstructure will be discussed.

Chapter 4 then addresses the evolution of a few selected self-assembled monomer samples upon polymerisation. Several polymerisation initiations have been investigated and based on the resulting characterisation of the membrane, the accuracy of each method is discussed. The possibility to synthesise a bicontinuous nanometric structure to enhance the performances of membrane filtration by polymerisation of a monomer self-assembly formulated with non-polymerisable surfactant is then assessed.

In Chapter 5, the application of one bicontinuous monomer formulation to the dip-coating of hollow-fibre membranes is reported. A numerical simulation is conducted to predict the outcome of the dip-coating process, depending on the operating conditions considered. The industrial prospects of microemulsion dip-coating and photopolymerisation are then reviewed based on our results.

Finally, we present a general conclusion of this research work and discuss some perspectives regarding the synthesis of composite membranes based on the deposition of a thin bicontinuous monomer template. Colloidal systems are composed of insoluble particles dispersed in a continuous medium.

These particles have a size between 10 nm and 1 µm. Both the dispersed and continuous medium can exist in the three different states of matter: gas, liquid and solid. Colloidal systems are used in numerous industrial applications, as presented in Table 1.1.

Table 1.1 -Colloidal system types and their common implementations [1].

Continuous medium Dispersed phase Common application

Gas

Liquid Varnish

Gas

Solid Pharmaceutical inhaler

Liquid

Gas

Fire extinguishing product

Liquid

Liquid Margarine

Liquid

Solid Paint

Solid

Gas Zeolite

Solid

Liquid Asphalt

Solid

Solid Composite material

According to Stockes and Evans (1996) [1], colloidal systems originate from the Brownian motion of approaching dispersed particles which coalesce under the action of long-range attractive forces. This non-reversible phenomenon gives rise to dimers, which later spontaneously combine with one another to create agglomerates: the homogenous system then becomes polyphasic. De facto colloidal suspensions are thermodynamically unstable but can be kinetically stabilised by electrostatic and steric repulsive forces.

An emulsion is a colloidal system consisting of two immiscible liquids -an aqueous and an organic phase -randomly dispersed in solution and stabilised by the addition of a surfactant. This last compound possesses a hydrophobic tail and a hydrophilic head-group, which allow its spontaneous adsorption onto the interface between the aqueous and organic phases, resulting in a decrease of the interfacial tension and therefore a stabilisation of the system [1], [2].

Above the critical micellar concentration (CMC), the interface becomes saturated with surfactants which self-organise into diverse microstructures to reach a lowest energy state, defined according to their amphiphilic geometry [3]. The rearrangement of the system results in a spontaneous emulsification phenomenon and the creation of numerous thermodynamically stable dispersed objects. Some surfactants do not lower the interfacial enough to reach a spontaneous emulsification and need the addition of an alcohol compound called a co-surfactant. This alcohol will further lower the interfacial tension of the interface and will allow the system to reach the targeted CMC. The surfactant usually represents at least 10 to 20 wt.% of the solution.

Depending on the size of the dispersed phase, two types of emulsions are to be distinguished: the microemulsions and the macroemulsions. The size of the dispersed phase is between 5 and 100 nm in the former, while it is above 100 nm in the latter [1], [2]. Due to this different ranges of size, microemulsions appear transparent to the human eye -the particle size being lower than the wavelength of visible light -while macroemulsions appear opaque. It is therefore quite easy to differentiate between macroand microemulsions. These two types of emulsions are also different in terms of their properties and stability. Microemulsions are thermodynamically stable while the macroemulsions are only kinetically stable. The following bibliographic study only focus on microemulsions, to remain within the framework of this thesis work.

Hoar and Schulmann (1943) [4] are the first to bring to light the existence of microemulsions in 1943. This colloidal suspension will however be clearly identified and characterised 38 years later by Danielsson and Lindman (1982) [5]. [START_REF] Winsor | Hydrotropy, solubulisation and related emulsification porcesses. Part I[END_REF] [6] was the first to classify microemulsions according to their microstructure:

 Winsor I (𝟐) -O/W systems: Biphasic system consisting of an organic phase with a low surfactant content and an aqueous phase comprising the majority of the surfactant with a small amount of organic phase structure in micelles.

 Winsor II (𝟐) -W/O systems: Biphasic system consisting of an aqueous phase with a low surfactant content and an organic phase comprising the majority of the surfactant with a small amount of aqueous phase structure in micelles.

 Winsor III (3) -triphasic systems: Triphasic system consisting of both aqueous and organic phases with low surfactant content and a third intermediate phase comprising most of the surfactant and small amounts of organic and aqueous compounds.

 Winsor IV (1) -monophasic systems: Homogeneous single-phase solution whose structure can be bicontinuous depending on the various parameters impacting the solution microstructure.

Bicontinuous microemulsions present a zero mean-curvature of the interface, resulting in an interconnected structure of the two immiscible phases. Micellar structures in turn exhibit positive or negative radius of curvature, resulting in normal or inverse microstructures respectively [7].

Liquid crystal systems

The liquid crystal (LC) state -also called mesophase -is an intermediate state between liquid and solid crystal organisation. They possess solid crystalline characteristics, such as positional order and long-range orientation, but maintain at least one disordered spatial direction, which is typical of liquid solutions. One of the specificity of liquid crystals is the anisotropy of its tensorial properties (optical, dielectric, magnetic, mechanical, etc.) [8]. Even if several denominations can be used to describe the various LC conformations, the Luzzati's notation will be used in this manuscript.

Liquid crystals can be classified as a function of their structural ordination, as presented in Figure 1.1. If a long-range orientation order is obtained in the solution, but no longrange positional order, the liquid crystal is classified as nematic. Otherwise if the solution exhibit both long-range orientation and positional order in one spatial, the liquid crystal is classified as smectic and will contain a regular stacking of liquid layers. Finally, if a positional order in two spatial directions is observed, as well as a liquid order in the third spatial direction, the mesophase is classified as columnar and possesses a two-dimensional network of liquid tubes. If the phase transitions of the mesophase are induced by variation of the temperature the solution is referred to as a thermotropic liquid crystal (TLC). If both the composition of the solution and its temperature are impacting the phase transitions, the solution is referred as a lyotropic liquid crystal (LLC). It is important to note that although LLCs result from the interactions of micelles at high surfactant concentrations, these mesophases are distinct from microemulsions and are by no means identical. Plus, some surfactants do not form microemulsions but liquid crystals [9].

Hexagonal LC

The hexagonal structure has only one axis of symmetry. Depending on the surfactant interface curvature (positive or negative), the structure is either normal or inverted. The normal hexagonal structure (HI) is constituted of organic rod-shaped micelles assembled in a hexagonal lattice and separated by an aqueous medium. The inverted hexagonal structure (HII) is constituted of aqueous rod-shaped micelles separated by an organic medium, cf. Figure 1.2 [10], [11], [12]. Normal hexagonal structures possess the ability to swell without significantly modifying the interfacial area per molecule, which is not the case for the inverted HII structure. 

Lamellar LC

Similarly to the hexagonal structures, lamellar LC structures only have one axis of symmetry. The surfactant interfaces exhibit a zero mean curvature and are arranged in a stack of bilayers separated by continuous, planar water networks, as presented in Figure 1.3. These bilayers can extend over long ranges -up to about a micrometre [11]. 

Cubic LC

Cubic structures have four axes of symmetry and are mostly occurring as an isotropic viscous phase. Similarly to hexagonal structures, depending on the surfactant interface curvature, the structure is either normal or inverted. However, cubic structures can also be differentiated into bicontinuous (QI and QII) and discontinuous (II and III) structures, as depicted in Figure 1.4. Cubic structures are usually occurring as a narrow intermediate zone in composition and/or temperature, located between various domains of the phase diagrams [11], [13]. Cubic structures are the only liquid crystal structures which are optically isotropic -and thus non-birefringent under polarised light, [11], [13], and [14]. Plus, even if these

Aqueous phase

Organic phase structures are usually highly viscous, fluid structures may occur depending on their conformation.

Modification of the surfactant interface

The surfactant interface of microemulsions and liquid crystals is the key factor dictating the microstructure adopted by the system. This interface can be affected by various elements, such as the composition of the surfactant-based solution or the temperature, as described in the following sections.

Surfactant

The surfactant is an amphiphilic molecule which lowers the interfacial tension between the organic and aqueous phase. Depending on its concentration in the system, this compound will give rise to a spontaneous and thermodynamically stable microemulsion.

The choice of the surfactant -or mix of surfactants -is essential when formulating a microemulsion. This species controls a great number of attractive and repulsive interactions, which drive the flocculation and coagulation phenomena, and therefore the mechanical properties of the interfacial film and the coalescence rates [15]. Depending on the surfactant and its emulsifying capacity on a definite system, the surface tension of its interface might vary from several orders of magnitude [16].

Surfactants head group can either be ionic (anionic, cationic or zwitterionic) or non-ionic. Chieng et al. (1996) [17] and [START_REF] Peinado | Photoinitiated Polymerization in Bicontinuous Microemulsions: Fluorescence Monitoring[END_REF] [18] evidenced the impact of the surfactant ionic charge on a microemulsion by studying the stabilising power of both anionic and cationic surfactant on an identical system. While Gan reported higher pore size using an anionic surfactant (i.e. SDS) due to a higher interaction with monomers compared to the cationic surfactant (i.e. DTAB), Peinado highlighted a strong dependence of the self-acceleration of the phenomenon of polymerisation to the ionic charge of the surfactant when comparing SDS and CTAB. The variations due to the ionic charge of the polar head-group are related to a combination of several phenomena directly linked to the geometrical and chemical structure of the surfactant: its surface tension, bending strength and its spontaneous curvature [19]. [START_REF] Aveyard | Interfacial Tension Minima in Oil-Water-Surfactant Systems. Behaviour of alkane-aqueous NaCl systems containing aerosol OT[END_REF] [20] compared ionic and non-ionic surfactants by varying various factors including the length of the size of the oil molecules, the temperature and the electrolyte concentration. They evidenced that ionic and non-ionic surfactants with similar hydrocarbon tail possess a similar surface tension. The ionic charge and size of the surfactant head-group however impact the system regarding the parameters modifying the phase inversion and the microstructure of the emulsion: non-ionic surfactants will be highly sensitive to temperature but not to concentration of the electrolyte, while ionic surfactants are sensitive to both parameters [19].

The number of hydrophobic tails and their length in a surfactant molecule impact on the spontaneous emulsification phenomenon, which can be hindered due to a too low curvature radius of the interface (e.g. no of co-surfactant and/or electrolyte solution for ionic surfactants or modification of the temperature for non-ionic surfactants). On the contrary, using a double-tailed usually dispenses with the need of a co-surfactant [1], [19], [21], [22]. Generally speaking, increasing the length of the tail favours lamellar structures while decreasing its length favours micellar dispersions and bicontinuous structures [19], [23], and [24]. Regarding the LLC structures, hexagonal lattices can be modified by modification of the length of the hydrocarbon tail -as well as the counter-ion type in case of ionic surfactant [10]. Plus, increasing or the number of hydrophobic tail, as well as its length, slightly decreases the temperature of occurrence of LLC [11].

As stated before, the LC structure is dictated by the curvature of the surfactant interface.

Lamellar structures are the only liquid crystal structure to exhibit a zero-mean curvature.

Hexagonal and cubic LCs can either have a positive curvature -resulting in normal structures -or a negative curvature -resulting in inverted structures. [START_REF] Zhou | New type of membrane material for water desalination based on a cross-linked bicontinuous cubic lyotropic liquid crystal assembly[END_REF] [14] summarised the ideal evolution of the structure of a LLC system depending on the curvature of the interface, when increasing the water content (cf. Figure 1.5).

One must however note that not all surfactant-based systems can give rise to liquid crystal structures. Such structures can be obtained for high surfactant concentration, when the amount of energy required to bring together the micelles is sufficient to obtain a conformation extending over one (hexagonal), two (lamellar) or three spatial dimensions (bicontinuous cubic) [25]. Liquid crystals can also occur at lower surfactant concentration, if the osmotic pressure of the system is increased, or if non-ionic surfactants are used, as they lower the electrostatical repulsion at the oil-water interface [11]. With regard to microemulsions, the curvature of the surfactant film -and the associated microstructures -can be predicted using the Hydrophilic-Lipophilic Balance (HLB) or the critical packing parameter (CPP). These parameters have been determined using empirical formula. In order to obtain a planar interface, which promote bilayer and bicontinuous structures, a HLB value around 10 and a CPP of 1 are required, as presented in Table 1.2. These two parameters can be calculated both for ionic and non-ionic surfactants, but the following will only develop the case of non-ionic surfactants. Two major experimental formula arose in the 1950s in order to calculate the HLB of non-ionic surfactant molecules by [START_REF] Griffin | Classification of surface-active agents by HLB[END_REF][START_REF] Griffin | Calculation of HLB values of non-ionic surfactants[END_REF] [30], [31] and Davies (1963) [32].

The former is mostly used to determine the HLB of polyoxyethylene surfactant:

HLB = E + P 5

Eq. 1.

1

Where E and P are the weight percent of ethoxy functions and of polyol functions respectively. Griffin also identified another equation to determine the HLB of fatty acid esters:

HLB = 20 (1 - S p A ) Eq. 1.2
Where S p is the number of ester saponification and A the acid number of the fatty acid.

Davies method to determine HLB values is widely used but does not describe polyoxyethylene non-ionic surfactants satisfactorily. The equation proposed is the sum of the unit value of each functional group constituting the surfactant molecule. The unit values of several functional groups have been discussed by different research groups and some of the most common groups are listed in Table 1.3 [32]- [36].

HLB = 7 + ∑ unit value of hydrophilic groups + ∑ unit value of hydrophobic groups

Eq. 1.3

It should however be noted that the HLB method has been replaced by HLD method, which allows for a better determination of the curvature of the surfactant interface based on the amphiphilic geometry but also on its environment. This method will however not be detailed as part of this manuscript. The CPP is another method to determine the geometry adopted by the surfactant film, based on its intrinsic geometrical and electrostatically properties [35]:

CPP = V o l h a o Eq. 1.4
Where V o and l h are respectively the volume and the length of the hydrophobic tail of the surfactants. [START_REF] Tanford | Micelle Shape and Size[END_REF] [37] elaborated empirical formula based on the experimental work of Reiss-Husson and Luzzati (1964) [38], in order to determine the length and volume per hydrocarbon chain depending on the number of carbons in the hydrophobic tail:

V o = 54.3 + 26.9n Å Eq. 1.5 l h = 1.500 + 1.265n Å Eq. 1.6

Some authors suggest to determine a minimal surface area a min for the surfactant head-group parameter in the packing parameter calculation. This minimal area is obtained using the equilibrium between surfactant molecules and the air-liquid interface before reaching the CMC value. The minimum surface area is then linked to the surfactant surface excess concentration calculated from Gibbs equation (Eq. 1.8) [39].

a min = 1 N a Γ max
Eq. 1.7

Γ max = - 1 RT ( dγ dlnC ST ) T = - 1 2.303RT ( dγ dlogC ST ) T Eq. 1.8 1.1.3.2 Co-surfactant
Surface tension of surfactant films in microemulsions is usually around 50 mN.m -1 but can be as low as 10 -2 à 10 -4 mN.m -1 when using double chains surfactants. However in most cases, these so-called ultra-low values are not achievable without the use of co-surfactants. These species are said to have a bigger impact on the microstructure than the surfactant and organic phase [23].

The co-surfactant molecules are usually a medium chain alcohol or a short-tailed surfactant of a different chemical nature than the main surfactant, in order not to compete with one another [19]. A bicontinuous structure is usually favoured when using a short co-surfactant with a minimum of repulsive interaction with the main surfactant, promoting the co-surface adsorption in the surfactant interface.

Aqueous phase

Solvent constituting the aqueous phase must possess some specific properties, especially when ionic surfactants are used. Indeed, the solvent must be highly polar so its dielectric constant will be sufficient to dissociate the ions in the ionic amphiphilic molecules, while preventing their self-association. The aqueous liquid must also have a high solvency capacity, in order to favour dipole-dipole interaction instead of the association of ions of opposite charges. Finally for both ionic and non-ionic surfactant, the aqueous phase must be structured and must allow chemical interactions -such as hydrogen bonds -as well as physical interactions -such as polarity. This last requirement is however not needed if the aprotic molecules of the system have sufficient polarity to structure the system [40].

Water is usually chosen as aqueous medium as it is a polar and protic solvent is highly structured and very stable while offering a low cost, a wide availability and low toxicity.

Other polar media can however be chosen to replace water but their properties are sought to be close to those of water [40]. If not possible, a same type of surfactant -with a higher hydrophobic tail and a bigger hydrophilic head -can be used but its proportion will be increased in the system to compensate the poorer properties of the substitute phase [41].

For example, glycerol and ionic liquids have been studied as aqueous medium for microemulsions [42].

Organic phase

The organic phase -also called oil phase -is a made of one or more hydrocarbon compound(s), whose length is the determining factor in competitive adsorption processes of the organic and co-surfactant molecule onto surfactant interfaces. The shorter the hydrocarbon tail, the easier the penetration of the oil at the surfactant interface, which will increase the radius of curvature of the interface and promote micellar structures. In parallel with this phenomenon, a shorter oil tail will make the co-surfactant adsorption difficult [1], [23]. The structure of the hydrocarbon is of high interest as well: Ceglie et al.

(1987) [23] highlighted that the use of an aromatic oil leads to bicontinuous microstructures, no matter the ionic charge of the surfactant and its hydrocarbon length.

In order to increase the stability of the colloidal system, the difference of interactions between the immiscible phases must be minimised. This difference is represented by the R-ratio described by [START_REF] Winsor | Hydrotropy, solubulisation and related emulsification porcesses. Part I[END_REF] [6], which determines the impact of the solvents on the interface curvature:

R W = E surfactant-oil E surfactant-aqueous
Eq. 1.9

Where E surfactant-oil and E surfactant-aqueous represent the interactions of the surfactant film with the organic and aqueous phases respectively. As a result, when the cohesive energy of the aqueous phase is higher than the one of the organic phase, a bicontinuous structure is expected [19].

Temperature

As previously explained, the ionic charge of the surfactant impacts on the curvature radius of the interface and on the microemulsion phase inversion. Non-ionic surfactants are highly sensitive to the temperature parameter because of their chemical structure: increasing temperature dehydrate the ethoxylated functions of the non-ionic surfactant. Such a modification then decreases the affinity of the hydrophilic part of the surfactant with the aqueous phase, which penetrates less into the surfactant [19], [43]. The opposite phenomenon is observed for a temperature decrease cf. Some head-groups exhibit low temperature dependence, notably the sugar-based surfactants [44]. Ionic surfactants, are sensitive to both concentration and temperature, the CMC being dependent on the temperature. These two parameters have an opposite impact on the curvature radius of the interface and must be studied separately to evaluate their respective influence on the surfactant film geometry. 

Structural characterisation of surfactant-based organised systems

Liquid crystals and microemulsions may result from similar systems but with different relative composition and/or temperature. Several analyses allow to differentiate between these two possible structuration of the organised system. Based on these analyses, it is then possible to represent each system based on its composition and on its temperature.

The most accurate representation of the structures adopted by the surfactant-based systems is a quaternary phase diagram. Quaternary phase diagrams represent the structure of the solution versus its composition (triangular-based prism) and the temperature (prism height) for a constant pressure. Each side of the triangular-prism represent the mass fraction of one compound or composite phase. However, for practical reasons, ternary (or pseudo-ternary if using a composite phase) phase diagrams (cf. 

Characterisation of liquid crystals

Several techniques allow for the characterisation of liquid crystals. If some of the most common ones are cross-polarised light, electron microscopy and X-ray diffraction, fluorescence [14], DOSY-NMR [12], [14] and DSC [12] can also be used.

Cross-polarised light microscopy

Since both hexagonal and lamellar TLC and LLC are anisotropic, the first common technique for their identification is to verify whether the solution is birefringent under cross-polarised light. The liquid crystal solution will be perceived as coloured because of all the wavelengths of light that are not blocked by the analyser, cf. It should be noted that nematic liquid crystal are not perceived as colourful but as an arrangement of bright and dark areas. However, cubic structures, which are isotropic, appear completely black under cross-polarised light [12], [14]. Each liquid crystal structure can be characterised by measuring the specific ratios of the d-spacing to the lowest angle diffraction peak, as detailed in Table 1.4. However, due to the disordered nature of these liquid structures, XRD analyses can sometimes be difficult to interpret. To confirm the lattice structure identification, other techniques can be used, such as NMR or SAXS/SANS. Indeed, the peaks found in XRD diffractograms and their associated d-spacing can also be found in X-ray and neutron small angle scattering. This technique which will be described below. 

Liquid crystal structure Diffraction peaks d-spacing ratios

Lamellar 1: 1 2 Hexagonal 1: 1 √3 : 1 √4 Cubic 1: 1 √6 : 1 √8 (: 1 
√20 ) 1.2.

Characterisation of microemulsions

After differentiating between liquid crystal and microemulsions, several analyses allow to specify the microstructure adopted by the system: micellar or bicontinuous.

Conductivity

Conductivity measurement is a classical first approach used to determine the Winsor domains in a microemulsified sample. This characterisation technique has been widely used for the delimitation of micellar and bicontinuous structures. A confined aqueous structure -such as a micelle or a liposome -in an oil medium will lead to low conductivity measurements, which can be attributed to a Winsor II system. On the opposite, a continuous aqueous medium containing a dispersed organic phase will lead to high conductivity values, which can be then attributed to a Winsor I system, as shown by Fanun [45]. For mid-range conductivity values, an intermediate structure will be found and is often assumed to be bicontinuous. This phenomenon is based on the motion of ions in the aqueous phase from particle to particle. The transfer of ions will be enabled when the aqueous droplets merge. Those three ranges of conductivity values are delimited by two slope discontinuity indicating a significant change in the microstructure, as depicted in Figure 1.12. These discontinuities originate from the percolation theory that describes the behaviour of a network subject to random filling. The minimal temperature or composition for which a long-range connectivity between the different sites and a microstructural transition is obtained is called a percolation threshold [START_REF] Talmon | Statistical thermodynamics of phase equilibria in microemulsions[END_REF]. This simple method is however unable to identify precisely the intermediate structures and thus to differentiate between bicontinuous and other for example ordered structures such as cubic microstructures.

Diffusion Ordered Spectroscopy (DOSY)

The Nuclear Magnetic Resonance 1 H ( 1 H NMR) is a powerful method for the composition and structural analysis of solutions. Modern NMR spectrometers are equipped with a Z-gradient probe are able to perform 2D experiments, such as DOSY analyses. This technique is useful to determine the self-diffusion coefficients of molecules in solutions and homogeneous mixes. This determination is based on the measurement of the translational motion -also known as Brownian motion -of the molecules in the solution.

A first gradient is applied to determine the spatial position of each molecule in the sample.

A second gradient is then applied after a diffusion period ∆, so the new position of the molecules can be identified. If some compounds have moved during the diffusion period a decay of the signal is observed. The attenuation of this signal will be determined for different the gradient strength g and the resulting signal intensity I will directly be related to the self-diffusion coefficient of the compound using the following equation [START_REF] Lindman | Structure of microemulsions studied by NMR[END_REF]- [START_REF] Biospin | DOSY and Diffusion by NMR[END_REF]: . The latter compares the self-diffusion coefficient in the mix to the one of the pure compound and is comprised between 0 and 1. The higher the self-diffusion coefficient, the less obstructed the solution.

I = I 0 . e -D.
Micellar and bicontinuous structures are easily identified using the following rules, regarding the values of the self-diffusion coefficients and of the relative self-diffusion coefficients -also called obstruction factors -for the oil, aqueous (water) and surfactant molecules [START_REF] Najjar | Microemulsions -A Brief Introduction[END_REF]- [START_REF] Zuev | Structural properties of microheterogeneous surfactant-based catalytic systems: Multicomponent self-diffusion NMR approach[END_REF]. These rules are however to be considered carefully as they are based on geometric constraints occurring in ideal microemulsified network and do not consider the interactions that may arise in the system, e.g. the solvatation of non-ionic surfactant. The organic phase being retained in small micelles, the obstruction is high and the self-diffusion coefficient of oil is really low compared to its value in pure organic phase (ca. one third). On the contrary, the aqueous phase being the continuous medium, the molecules encounter little to no obstruction and their self-diffusion coefficient is close to the one of the pure aqueous phase. The microstructure being interconnected, both organic and aqueous phase molecules are free in two of the three directions of space. The self-diffusion coefficient of both phase is ca. 0.6 times the self-diffusion coefficient of the pure solution.

Other microstructures can be identified using the obstruction factors. As an example, in tubular structures, the relative self-diffusion coefficient of the dispersed phase is around

1 3
because the molecules are only able to move in one direction of space. Generally speaking, an increase of the obstruction factor of the organic phase and a decrease of the factor of the aqueous phase indicates a decrease in the interfacial film curvature, and vice versa [START_REF] Kumar | Handbook of Microemulsion Science and Technology[END_REF], [START_REF] Tchakalova | Food-grade bicontinuous microemulsions[END_REF]. Relative self-diffusion coefficients of bicontinuous microemulsions can be predicted for a similar composition in organic and oil phases, depending on the coordination of both phases and the surfactant [START_REF] Lindman | Structure of microemulsions studied by NMR[END_REF], [START_REF] Kumar | Handbook of Microemulsion Science and Technology[END_REF], [START_REF] Lindman | On the demonstration of bicontinuous structures in microemulsions[END_REF].

D oil D oil 0 = 1 3 + β (Φ oil - 1 2 )
Eq. 1.11

D water D water 0 = 1 3 -β (Φ oil - 1 2 )
Eq. 1.12

D surfactant D surfactant 0 = 2 3 -β′ (Φ oil - 1 2 ) 
2

Eq. 1.13

Where β is the coordination number for aqueous and organic phases and β' is the coordination number of the surfactant molecules. β = 0.78 and β' = 1.80 for a coordination of 6, while β = 0.54 for a coordination of 4.

Depending on the correlation of the surfactant molecules, the interfacial film can either describes monolayers or bilayers. The previous equations have been determined for monolayers but are also verified for bilayered systems, such as cubic or sponge (L3) systems.

It should be noted that the equations presented in this section only describe the geometrical obstruction in microemulsified systems and do not account for the solvatation effects, which can dramatically modify the relative self-diffusion coefficient values. The solubility of the surfactant in one of the two immiscible phases might also tamper the experimental value compared to the value obtained from the previous equations. This last phenomenon is more common for non-ionic surfactants, which present an affinity with the organic phase for higher temperature and with the aqueous phase for lower temperature. DOSY NMR must therefore be used in addition to other characterisation techniques, such as SAXS or TEM, to confirm the microstructure of the emulsified system.

Small Angle X-ray Scattering (SAXS)

Small angle scattering is a powerful non-destructive characterisation technique, which can indirectly give specific information about the morphology of microemulsions (and liquid crystals). This analysis can be performed using an X-ray (SAXS) or a neutron (SANS) emission source. This section will focus on the scattering of X-ray. An X-ray beam is applied to the samples and will interact with the electronic density of the atoms composing the material. This interaction leads to a deviation of the beam, whose diffused intensity is then collected on a detector. Depending on the scattering vector range, one can access to various information such as the size and the surface condition of particles, the internal morphology of the material, the size and polydispersity of the pores or the crystallinity of the polymer network, as presented in Figure 1.14 [START_REF] Acharya | Progress in microemulsion characterization[END_REF].

Each scattering curve is obtained by plotting the scattering intensity I(q) versus the scattering vector q. q = 4. π. sin(θ SAXS ) λ Eq. 1.14

Where λ is the wavelength of the emitted X-ray beam and θ SAXS the scattering angle.

I(q) = ∆ ρ 2 . Φ V . V P . P(q). S(q) Eq. 1.15

Where ∆ ρ 2 is the contrast -which only depends on the equipment used -Φ V is the volume fraction of the dispersed particles, V P is the dry volume of the sample. P(q) and S(q) are respectively the form factor -which only depend on the geometry of the dispersed system -and the structure factor -which describes the correlations among particles.

The scattering curves are then fitted with well-defined models, depending on the microstructure of the sample, which has to be known beforehand. The mathematical description of those models allows for the characteristic parameters and variables associated with the structure of the sample to be determined.

In order to avoid the need for a prior knowledge of the structure of the sample, some methods have been established such as the generalised indirect Fourier transformation (GIFT) technique [START_REF] Acharya | Progress in microemulsion characterization[END_REF]- [START_REF] Guo | Influence of polysorbates (Tweens) on structural and antimicrobial properties for microemulsions[END_REF]. This method provides a lot of valuable information such as the distance pair distribution function, the radial distribution profile of a particle and thus its shape and structure factors. The main advantage of the GIFT technique is that it can be used in order to describe a wide variety of microstructures such as micellar or bicontinuous structures. This model allows for the study of the transition from one microstructure to another.

In the case of microemulsions, a lot of research work are based on the use of models requiring prior knowledge of the microstructure. The core-shell model [START_REF] Acharya | Progress in microemulsion characterization[END_REF], which provides a radial density profile varying in successive steps, allows for the visualisation of the different domains constituting a hydrophobic core surrounded by the head-group of the surfactant interface for O/W microemulsions, and vice versa for W/O microemulsions. This model has been derived to represent spheres with multiples layers such as vesicles [START_REF] Nayeri | Scattering functions of core-shell-struct ured hard spheres with Schulz-distributed radii[END_REF]. This model compiles a hardsphere structure factor S(q), using the Percus-Yevick closure relationship and a core-shell form factor P(q) [START_REF]core_shell_sphere -SasView 5.0.4 documentation[END_REF], [START_REF]hardsphere -SasView 5.0.4 documentation[END_REF].

The Teubner-Strey model has been widely used for the analysis of SAXS and SANS scattering curves describing bicontinuous microstructure. The curve following this model present a large Bragg's peak followed by a plateau in the small angle range and presenting a steep slope in the wide-angle ranges following a Porod law. This mathematical model introduces two parameters describing the bicontinuous network: the periodicity d which defines the distance between two interconnected channels and the correlation length ξ , which defines the distance over which the local order is maintained. A 2 , C 1 and C 2 are some constants and B is the scattering background.

I(q) ∝ 1 A 2 + C 1 . q 2 + C 2 . q 4 + B Eq. 1.16 d = 2. π. [ 1 2 . ( A 2 C 2 ) 1 2 - 1 4 . C 1 C 2 ] - 1 2
Eq. 1.17

ξ = [ 1 2 . ( A 2 C 2 ) 1 2 + 1 4 . C 1 C 2 ] - 1 2
Eq. 1.18

However, one must keep in mind that the Teubner-Strey model has been developed per se for liquid microemulsions and not polymer network [START_REF] Hickey | Structure, viscoelasticity, and interfacial dynamics of a model polymeric bicontinuous microemulsion[END_REF]. This model is also unable to distinguish between ordered and disordered microstructure. In order to fill this need, some authors have associated the Teubner-Strey parameters to mathematical assets in order to evaluate the system structuration with the amphiphilicity factor f a and the polydispersity factor k p . ξ [62]- [START_REF] Chen | On the interpretation of scattering peaks from bicontinuous microemulsions[END_REF].

f a = C 1 √4. C 1 . C 2 = 1 -( 2. π. ξ d ) 2 1 + ( 2. π. ξ d ) 2
Eq. 1.19

k p . ξ = 2. π d . ξ
Eq. 1.20

The height of Bragg's peak also gives relative information regarding the rigidity and uniformity of the interfaces when comparing two samples [START_REF] Xie | Structure and Properties of Bicontinuous Microemulsions from Salt-Doped Ternary Polymer Blends[END_REF], [START_REF] Schulreich | Bicontinuous microemulsions with extremely high temperature stability based on skin friendly oil and sugar surfactant[END_REF]. If the polydispersity of the droplet size is too important, the determination of the structure of the micellar microemulsion in SANS and SAXS is complicated: the micro objects will interact with one another and attenuate the typical oscillations of a micellar system. It is therefore necessary to combine small angle scattering analyses with other characterisation techniques, and more specially techniques that enable the visualisation and identification of the microstructure, such as (cryo-)TEM and (cryo-)SEM [16], [41].

Polymerisation of nanostructured polymer networks

It is commonly agreed that it is possible to set a microemulsified structure in order to reach a solid, nanostructured material [41]. Two main methods have been developed to reach the desired microstructure upon solidification of the structure. The first is an indirect templating and consists in the polymerisation of one of the two immiscible phases. The initial microstructure is not retained because of the destabilisation of the system. The second technique is a reversible gelification or freezing of the structure before its polymerisation, which allows for the initial microstructure to be retained [7], [START_REF] Stubenrauch | Gelled polymerizable microemulsions. 1. Phase behavior[END_REF][START_REF] Magno | Gelled polymerizable microemulsions. Part 3 Rheology[END_REF][START_REF] Figoli | Application of Nanotechnology in Membranes for Water Treatment[END_REF]. As part of this work, we will only consider the polymerisation of the monomer phase by free radical polymerisation.

Radical polymerisation can be performed using different type of initiators: thermic, RedOx or photoinitiators. Thermic initiators present however a few drawbacks compared to the RedOx and UV priming. The increase of the temperature can destabilise the colloids and decrease the polymerisation rate -and thus the yield -while increasing the particle size [START_REF] Distler | Emulsion Polymerization[END_REF]. The thermal initiators have therefore mostly been substituted with RedOx and UV primers, which will be discussed in the following sections.

In order to reach high yields upon polymerisation, commercial monomers must be purified beforehand to eliminate the inhibitors. The self-assembled solution must also be flushed with an inert gas in order to eliminate all the oxygen of the air, which would preferentially react with the radicals and prematurely put an end to the propagation step [START_REF] Kohut-Svelko | Redox Initiator Systems for Emulsion Polymerization of Acrylates[END_REF][START_REF] Chieng | Formation of microporous polymeric materials by microemulsion polymerization of methyl methacrylate and 2hydroxyethyl methacrylate[END_REF][START_REF] Sanz | Membrane synthesis by microemulsion polymerisation stabilised by commercial non-ionic surfactants[END_REF][START_REF] Yagci | Redox polymerization of methyl methacrylate with allyl alcohol 1,2-butoxylate-block-ethoxylate initiated by Ce(IV)/HNO3 redox system[END_REF].

RedOx polymerisation

Using a RedOx process compared to a thermic polymerisation process allows for a decrease in the induction period, a lower energy input to initiate the reaction, a high yield and a controlled reaction at low temperatures [START_REF] Kohut-Svelko | Redox Initiator Systems for Emulsion Polymerization of Acrylates[END_REF], [START_REF] Yagci | Redox polymerization of methyl methacrylate with allyl alcohol 1,2-butoxylate-block-ethoxylate initiated by Ce(IV)/HNO3 redox system[END_REF].

In order to maximise the efficiency of the polymerisation process, the induction period must be as short as possible. This duration depends on the RedOx imitators chosen, as well as their concentration in the monomer system. This last parameter tailors the number of radicals initially created, the particle size, the polymerisation rate, the temperature of the system and the yield achieved [START_REF] Kohut-Svelko | Redox Initiator Systems for Emulsion Polymerization of Acrylates[END_REF], [START_REF] Chieng | Formation of microporous polymeric materials by microemulsion polymerization of methyl methacrylate and 2hydroxyethyl methacrylate[END_REF]. Common RedOx oxidising agent are peroxides, persulfates, permanganates and transition metal salts. Some of the most used reducing agents for vinyl monomers are alcohols, aldehydes, amines, amides, ketones, acids and thiols [START_REF] Yagci | Redox polymerization of methyl methacrylate with allyl alcohol 1,2-butoxylate-block-ethoxylate initiated by Ce(IV)/HNO3 redox system[END_REF]. Peroxides and nitriles emit undesirable volatile by-products, typically carbon dioxide and nitrogen, which leads to heterogeneous structures in the polymer samples [START_REF] Yu | Investigation of redox initiators for free radical frontal polymerization[END_REF]. Finally, the affinity between the monomers and the initiators is an essential parameter that will impact on the final polymer product.

Kohut-Svelko et al. Highlighted that the RedOx couples TBHP/SFS and TBHP/FF7 were well suited to the polymerisation of peroxide systems, while APS/TMEDA were best suited to monomer systems containing a persulphate oxidant [START_REF] Kohut-Svelko | Redox Initiator Systems for Emulsion Polymerization of Acrylates[END_REF].

RedOx polymerisation of MMA monomers has been performed with several initiators such as the couples Ce(IV)/HNO3 [START_REF] Yagci | Redox polymerization of methyl methacrylate with allyl alcohol 1,2-butoxylate-block-ethoxylate initiated by Ce(IV)/HNO3 redox system[END_REF] and APS/AIBN [START_REF] Puig | Comparison of oil-soluble and water-soluble initiation of styrene polymerization in a three-component microemulsion[END_REF]. However, the APS/TMEDA initiators have been found to limit the phase separation phenomenon during the polymerisation process, rendering this couple one of the most interesting choice for the RedOx process [START_REF] Chew | Bicontinuous-nanostructured polymeric materials from microemulsion polymerization[END_REF]. The priming mechanism of the TMEDA/APS couple is described in the following Figure 1.15. 

UV polymerisation

UV polymerisation possesses several advantages compared to the RedOx polymerisation and is considered as a promising industrial technique for microemulsion and emulsion polymerisation. UV polymerisation can be performed at room temperature, similarly to the RedOx process, but exhibits a negligible induction period, as opposed to the RedOx process. This last characteristic makes UV polymerisation one of the most efficient process for the synthesis of cross-linked multifunctional polymer networks.

UV polymerisation is induced with the aid of a photoinitiator, which absorbs UV-radiations and generates radicals, which will then propagate in the medium. If photosensitive species are in the solution, the polymerisation process can be further accelerated and set the system microstructure. Norrish II initiators must undergo a rearrangement of their structure before they can react with UV-radiations, in the same way as Norrish II initiators. This rearrangement requires a hydrogen donor, as presented in Figure 1.17. This donor can be found in the initiator itself, on a co-initiator or on the grafted substrate. Benzophenone and its derivates, as well as ITX are common Norrish II photoinitiators. 

UV grafting

Two distinct grafting types are to be considered when modifying a solid surface, such as a membrane: the "grafting-to" and "grafting-from" methods [START_REF] Macchione | Design, synthesis and architectures of hybrid nanomaterials for therapy and diagnosis applications[END_REF], [81]. The former requires the substrate to be functionalised so that the grafted group will react with the substrate. The latter consists in the functionalisation of the substrate prior to the grafting, as schematised in Figure 1.18.

hν hν

In the case of membrane grafting, the "grafting-from" methods are the most commonly used. When photosensitive substrates are used, a simple UV-irradiation will generate the active sites, which will later react with the grafted groups. Non-photosensitive substrates can be functionalised using Norrish II photoinitiators prior to the UV exposition. Other functionalisation methods, which do not involve UV irradiation are summarised by Stamm et al. [81]. 

Membranes for liquid and gas filtration

In this Section, a general description of membranes process will be presented, including their structure, their filtration range, their common composition and their various module geometry.

Operating principles

Membrane filtration is a separating process based on the transfer of a fluid or a gas across a physical barrier: the membrane. This process is found in diverse industries (e.g. petrochemicals, solvent recovery or food processing, etc.) as well as in wastewater treatment and for biological and medical purposes (e.g. enzymes production, haemodialysis, etc.).

Two main types of membrane filtration are commonly encountered in the industry: the dead-end and the cross-flow filtration, as presented in Figure 1.19. The feed stream runs perpendicular to the membrane in the former case and parallel to the membrane in the latter case. Membrane filtration occurs under one or several driving forces such as a pressure (liquid filtration), a concentration (pervaporation), a temperature (membrane distillation) or an electrical potential gradient (electrodialysis). Membrane selectivity depends on the ability of liquid or solid molecules to be retained by the membrane under the action of the driving force. Two major properties define how efficient a membrane is: its permeability and its selectivity to the stream flow. These characteristics depends partly to the geometry, the size and the density of the pores. While the membrane porosity is often depicted as ideal cylinders of spheres, the real porous structures present defaults and constrictions, which may be tortuous and even closed pores [START_REF] Mohammad | Nanofiltration membranes review: Recent advances and future prospects[END_REF], as depicted in Figure 1.20. 

Membrane classification

Membranes are generally classified according to their filtration range, their structure, their material(s) or their module geometry.

Filtration range

The membrane performance being dependant on its porosity, a first classification of membranes based on their pore size is often used to select a first range of filtration according to the desired field of use. In line with the subject matter of this study, only membrane processes occurring under a pressure gradient (cf. Figure 1.21) will be discussed in the following thesis. 

Membrane porosity

Membrane structure is divided in three categories: symmetric, asymmetric and composite structures, cf. Figure 1.22. Symmetric membranes are made of a unique homogeneous material which allows a uniform porosity over the membrane thickness, which acts as the selective layer. Depending on the elaboration process, symmetric membranes can either be porous or dense.

Asymmetric membranes thickness is divided into the selective and the porous layers. The porosity of the former is dramatically lower in the former and its thickness must be as low as possible in order to maintain good flux performances. This layer is responsible for the selectivity and the permeability performances of the membrane. The porous layer ensures the mechanical integrity of the membrane. Its porosity is usually really high (between 60 and 80%) and may fluctuate but has no impact on the selectivity and the permeability of the overall structure.

Composites membranes are composed of several layers made of different materials.

These layers have an increasing porosity over the membrane thickness, which allows both a high selectivity and a high permeability. The structural integrity of the overall structure is usually ensured by the use of a non-woven support in UF and NF. 

Membrane materials

Two material categories are mainly used for the manufacture of membranes: organic (polymers) and mineral (mostly ceramics) materials. The former represents ca. 80% of the membrane marker in the industry, due to the low production cost associated and the wide adaptability of the materials to various uses. Polymer membranes however exhibit a lower mechanical resistance, which makes them vulnerable to washings and therefore prone to fouling [START_REF] Rémigy | Filtration membranaire (OI, NF, UF) -Présentation des membranes et modules[END_REF]. The choice of the membrane module geometry is based on several factors such as its price, its volume or simply its feasibility at industrial scale. Two main module types prevail:

plane and cylindrical geometry [START_REF] Rémigy | Filtration membranaire (OI, NF, UF) -Présentation des membranes et modules[END_REF].

Both flat-sheet membranes and spiral modules derived from a planar geometry, cf. Both hollow-fibre membranes and tubular modules have a cylindrical geometry, cf. Figure 1.24. Hollow-fibre membranes are self-supporting structures withstanding high transmembrane pressure and possessing a high active surface per volume unit, which is why this geometry is one of the most used in industry. They are commonly made of a unique organic material although composite fibres are also manufactured. Depending on the application, the selective layer may be on the external wall, on the internal wall or on both walls of the fibre. Tubular modules are made of one, or several, organic or mineral materials channel(s) and possess a selective layer deposited on the internal wall of the porous substrate, where the permeate flows. Backwashing is impossible to perform on this type of module. Two different approaches have been studied regarding the polymerisation of microemulsified structures: using polymerisable surfactants, which will integrate the polymer network upon polymerisation, or non-polymerisable surfactants, which will be eliminated in the washing step. Using polymerisable surfactants is said to retain the microstructure of the solution during the polymerisation process, because the meancurvature of the surfactant interface will not be modified. These surfactants can also be chosen in order to add some specific properties to the polymer network, such as antibacterial and antifouling properties [START_REF] Galiano | A step forward to a more efficient wastewater treatment by membrane surface modification via polymerizable bicontinuous microemulsion[END_REF], [START_REF] Galiano | Novel low-fouling membranes from lab to pilot application in textile wastewater treatment[END_REF].

On the contrary, non-polymerisable surfactants are not incorporated into the polymer matrix during the polymerisation step, which leads to a destabilisation of the microstructure. Indeed, during polymerisation the affinities of the surfactant interface with the organic phase will be modified, and so will the microstructure. The prediction of the polymer microstructure using this type of surfactants is therefore complicated and limits their application in the industry. The synthesis of thin-film bicontinuous polymer network on supporting membranes have been widely studied for polymerisable surfactants, but only few research work have been performed on the use of nonpolymerisable surfactants.

The surfactant and co-surfactant chosen for the formulation of the microemulsion are crucial as their properties will determine the size and the number of pores, the stability and the mechanical properties of the emulsion. If some authors have used a mix of surfactants for the synthesis of thin-film membranes [START_REF] Chieng | Microstructural control of porous polymeric materials via a microemulsion pathway using mixed nonpolymerizable and polymerizable anionic surfactants[END_REF], [START_REF] Bléger | Particle Nucleation during Microemulsion Polymerization of Methyl Methacrylate[END_REF], most of the research has been carried out on systems comprising only one surfactant. In the case of the synthesis of microemulsions based on acrylate monomers, the use of acrylic acid (AA) and 2hydroxyethyl methacrylate (HEMA) as co-surfactant has been widely studied. This last compound are of high interest because of their amphiphilic and polymerisable nature, which can increase the stability of the microstructure during the polymerisation. Plus, addition of HEMA has been proved to decrease the size of the water channels in bicontinuous structures, which can be interesting in order to tailor the porous microstructure range [START_REF] Chew | Bicontinuous-nanostructured polymeric materials from microemulsion polymerization[END_REF].

Our work will focus on the combination of HEMA and methyl methacrylate (MMA). The association of these monomers is mainly used in two specific areas of application: the synthesis of membrane materials and biomedical materials [START_REF] Mokry | Biocompatibility of HEMA Copolymers Designed for Treatment of CNS Diseases with Polymer-Encapsulated Cells[END_REF]- [START_REF] Bär | New biocompatible polymer surface coating for stents results in a low neointimal response[END_REF]. This combination is of high interest because if the PHEMA increases the biological response and cell integration and is subjected to biodegradation, it was found to be a poor mechanical medium [START_REF] Montheard | 2-Hydroxyethyl Methacrylate (HEMA): Chemical Properties and Applications in Biomedical Fields[END_REF]. Plus, the hydrophilic behaviour of PHEMA is interesting to decrease the hydrophobicity of membranes and thus their fouling ability. Polymem company (Toulouse, France) implemented the grafting of PMMA and PHEMA copolymers on PVDF fibres to give rise to their NEOPHIL TM hollow-fibres [101]. For all these reasons the combination of MMA and HEMA is of high interest in the domain of both membranes and bio-devices.

Regarding the synthesis of membrane materials, acrylate monomers have been used in combination with water and different types of surfactants. These systems have been studied in order to solve one of the major challenge in the field of synthesis of new materials for membrane filtration, which is the compromise between high flux and high selectivity [START_REF] Zhang | Nanoporous membranes generated from self-assembled block polymer precursors: Quo Vadis?[END_REF]. To this end, some research focused on the synthesis of composite membranes using bicontinuous polymer material. This nanostructured polymer networks aim to be deposited as thin-film on the surface of a porous supporting membrane, which ensures the mechanical strength of the composite.

When a polymerisable surfactant is added into mix, the microstructure is expected to be retained during the polymerisation process, unlike when using non-polymerisable surfactants. Due to the difficulty to predict the microstructure upon polymerisation most of the work done in this field of application has been focused on the use of polymerisable surfactants. Different types of surfactants have been used to synthesise thin-film polymer membrane anionic [17], [START_REF] Chieng | Formation of Microporous Polymeric Materials By Microemulsion Polymerization of Methyl Methacrylate and 2 -H ydroxyethyl Methacrylate[END_REF], [START_REF] Chieng | Morphology of microporous polymeric materials by polymerization of methyl methacrylate and 2-hydroxyethyl methacrylate in microemulsions[END_REF] cationic [17], [21], [START_REF] Chew | Bicontinuous-nanostructured polymeric materials from microemulsion polymerization[END_REF], [START_REF] Galiano | A step forward to a more efficient wastewater treatment by membrane surface modification via polymerizable bicontinuous microemulsion[END_REF], [START_REF] Galiano | Novel low-fouling membranes from lab to pilot application in textile wastewater treatment[END_REF], [START_REF] Figoli | Synthesis of nanostructured mixed matrix membrane for facilitated gas separation[END_REF], zwitterionic [START_REF] Li | Preparation of ultrafiltration membranes by direct microemulsion polymerization using polymerizable surfactants[END_REF], non-ionic [START_REF] Wang | Fabrication and characterization of nanostructured and thermosensitive polymer membranes for wound healing and cell grafting[END_REF], [START_REF] Gan | Microporous polymeric composites from bicontinuous microemulsion polymerization using a polymerizable nonionic surfactant[END_REF] and mixes of surfactants [START_REF] Chieng | Microstructural control of porous polymeric materials via a microemulsion pathway using mixed nonpolymerizable and polymerizable anionic surfactants[END_REF]. Table 1.6 gathers the work carried out on the polymerisation of acrylate-MMA systems for the synthesis of bicontinuous polymer network using both RedOx and UV polymerisation processes. To our knowledge, no research has yet dealt with the synthesis of bicontinuous acrylate network using non-polymerisable non-ionic commercial surfactants. To our knowledge the bicontinuous microstructure of the liquid MMA:water:HEMA:surfactant(s) systems as template for membrane synthesis have only been studied using conductivity, quasi-elastic light scattering (QELS) and viscosity measurements. Other bicontinuous and microemulsified systems have been successfully characterised using SAXS [START_REF] Kogan | Formation and characterization of ordered bicontinuous microemulsions[END_REF], [START_REF] Lindman | On the demonstration of bicontinuous structures in microemulsions[END_REF], [START_REF] Hickey | Structure, viscoelasticity, and interfacial dynamics of a model polymeric bicontinuous microemulsion[END_REF], [START_REF] Prevost | Small-angle scattering and morphologies of ultraflexible microemulsions[END_REF], [START_REF] Chen | Structural evolution of bicontinuous microemulsions[END_REF] and DOSY-NMR [START_REF] Lindman | Structure of microemulsions studied by NMR[END_REF], [START_REF] Kogan | Formation and characterization of ordered bicontinuous microemulsions[END_REF], [START_REF] Tchakalova | Food-grade bicontinuous microemulsions[END_REF], [START_REF] Lindman | On the demonstration of bicontinuous structures in microemulsions[END_REF] analyses. The resulting polymer microstructures were all probed using electron microscopy (SEM, TEM or cryo-SEM) and the filtration performances of the polymer network were only occasionally tested [17], [START_REF] Galiano | A step forward to a more efficient wastewater treatment by membrane surface modification via polymerizable bicontinuous microemulsion[END_REF], [START_REF] Galiano | Novel low-fouling membranes from lab to pilot application in textile wastewater treatment[END_REF], [START_REF] Galiano | UV-LED induced bicontinuous microemulsions polymerisation for surface modification of commercial membranes -Enhancing the antifouling properties[END_REF], [START_REF] Galiano | Preparation and characterisation of polymerisable bicontinuous microemulsion membranes for water treatment application[END_REF]. The measured permeability as a function of the material thickness were quite low, ranging from 0.07 to 5 L.m -2 .L -1 .bar -1 , except for Galiano (2012) [START_REF] Galiano | Preparation and characterisation of polymerisable bicontinuous microemulsion membranes for water treatment application[END_REF] who reported a composited permeability of 200 L.m -2 .L -1 .bar -1 . The selectivity of the synthesised structures has however not been studied in depth.

Even fewer authors investigated the rejection abilities of their composite membranes.

Galiano et al. [START_REF] Galiano | A step forward to a more efficient wastewater treatment by membrane surface modification via polymerizable bicontinuous microemulsion[END_REF], [START_REF] Galiano | UV-LED induced bicontinuous microemulsions polymerisation for surface modification of commercial membranes -Enhancing the antifouling properties[END_REF] synthesised a composite PES-AUTEAB microemulsion membrane and reported a drastic decrease in permeability, but no increase in humic acid (HA) rejection after coating. It is however debatable whether it is scientifically worthwhile to determine the selectivity of a coated membrane when the rejection of the commercial pristine membrane was already 89 ± 8.4% as stated by the authors. Galiano [START_REF] Galiano | Preparation and characterisation of polymerisable bicontinuous microemulsion membranes for water treatment application[END_REF] also investigated the rejection of a Remazol Brilliant Blue and Acid Red 4 dye and observed a 27% and 36% increase in their rejection respectively, compared to the pristine commercial membrane, associated to a permeability decrease from 600 to 200 L.m -2 .L -1 .bar -1 . This author also tested the salt rejection of NaCl and MgSO4 from a dense DTAB microemulsion coating deposited on the same PES commercial membrane.

They reported a rejection of 75% and 88% respectively, while the salt rejection of the pristine PES membrane was 5 and 7% respectively. The permeability of their resulting DTAB-composite membrane was however dramatically reduced to 1.4-4 L.m -2 .L -1 .bar -1 .

To our knowledge, no other research has been carried out on the investigation of microemulsion thin-film composite membranes.

We must also note -except for Galiano et al. (2015Galiano et al. ( , 2018Galiano et al. ( , 2012) ) [START_REF] Galiano | A step forward to a more efficient wastewater treatment by membrane surface modification via polymerizable bicontinuous microemulsion[END_REF], [START_REF] Galiano | UV-LED induced bicontinuous microemulsions polymerisation for surface modification of commercial membranes -Enhancing the antifouling properties[END_REF], [START_REF] Galiano | Preparation and characterisation of polymerisable bicontinuous microemulsion membranes for water treatment application[END_REF] and Chieng et al. (1996) [21] -all of the authors listed in Table 1.6 who investigated on the synthesis of polymer networks based on microemulsion template containing non-polymerisable surfactants reported the obtention of opaque materials and/or micrometric pore sizes upon the polymerisation of transparent microemulsions. This transition to a micrometric structure is an irrefutable proof of the modification of the structure from a nano-to a microscale and thus indicating the destabilisation of the initial monomer template structure during the polymerisation process. Dos Santos et al. (2011) [START_REF] Santos | Phase diagrams come alive: Understanding how to create, destroy or change ordered surfactant structures by polymerizing the counterions[END_REF] highlighted the evolution of the structure of acrylate counterions during the polymerization, using the cationic alkyltrimethylammonium ions as surfactant in aqueous media, and how phase diagram "comes alive" during the polymerisation process. One might therefore question the ability of the polymerisable co-surfactant and the crosslinker to actually preserve the original microstructure without the use of a polymerisable surfactants.

Synthesis of membrane materials from monomer liquid crystals

Liquid crystals may exhibit interesting optical and electrical properties and have been widespread in recent decades, for example in Liquid Crystal Display (LCD) for television screens [START_REF] Norvez | Cristaux liquides, d'un état insoupçonné de la matière aux écrans plats[END_REF]. In the field of membrane filtration, the synthesis of composite membranes using liquid crystals for gas and liquid separation has been investigated and proved promising. To our knowledge, limited work has been reported on the use of thermotropic liquid crystals (TLC) for membrane synthesis. Such thermosensitive structures are however widely found in electro-optical devices and thermography applications [START_REF] Galiano | Preparation and characterisation of polymerisable bicontinuous microemulsion membranes for water treatment application[END_REF].

Lyotropic liquid crystals (LLC) allow for the synthesis of nanometric easily functionalisable structures, of great potential for catalytic applications or drug delivery systems [10], [25]. LLCs however require a polymerisation step to immobilise their microstructure prior to use. Similarly to microemulsions, the destabilisation of the system must be avoided during polymerisation. To that end, photopolymerisation processes combined with the use of a cross-linker are widely used. Plus, this UV-priming method allows for a low operating temperature, which can beneficial to some LLC structures that only occur in specific temperature ranges [10], [25], and [START_REF] Gin | Polymerized lyotropic liquid crystal assemblies for membrane applications[END_REF].

Most of the structures investigated for membrane synthesis are cubic and hexagonal structures. Indeed, some authors reported [10], [START_REF] Mueller | Supramolecular materials via polymerization of mesophases of hydrated amphiphiles[END_REF] a low mechanical resistance of lamellar polymers network. For the same reason, normal hexagonal structures (HI) are of lower interest and will not be discussed in the following. On the contrary, polymerisation of inverted hexagonal structures (HII) allow for a robust continuous polymeric network containing aqueous channels. The resulting structures are of significant interest, due to their insolubility in most common solvent, as well as their low ability to swell. Inverted hexagonal polymer networks are considered as organic analogue to zeolites and mesoporous sieves. Plus they exhibit some catalytic potential due to the good accessibility to reactive sites they offer [10]. However, HII composite membranes display limited performances due to the difficulty of aligning the pores on all layers of the membrane.

Bicontinuous cubic LLCs (Q) are an alternative to HII structures due to their interconnected and symmetrical networks, which allows for a better material transfer between the membrane layers. These structures exhibit an organised structure with uniform lattice size. Due to the tortuous nature of their polymer networks, such structures are almost impossible to completely obstruct. However, the movement of the molecules through the composite membrane will be limited in return [25].

Because discontinuous cubic LLCs (I) do not possess an interconnected network, these structures will not be further discussed in this work. Both normal QI and inverted QII cubic LLC networks have been successfully polymerised. However Gan et al. (2001) stressed that the molecular design of reagents leading to QII LLC is more complicated than for the QI LLCs. [START_REF] Gin | Polymerized lyotropic liquid crystal assemblies for materials applications[END_REF] [10] developed novel LLC precursors by substitution of the counter-ion and by the synthesis of "gemini" monomers. These "gemini" monomers allow for the polymerisation of the two hydrocarbon parts without changing the overall shape of the molecule. [START_REF] Wiesenauer | Nanoporous polymer materials based on self-organized, bicontinuous cubic lyotropic liquid crystal assemblies and their applications[END_REF] [25] also reported lower CMC for "gemini" precursors and a higher mechanical resistances of the resulting polymer networks, allowing no cross-linker to be used. [START_REF] Pindzola | Cross-linked normal hexagonal and bicontinuous cubic assemblies via polymerizable gemini amphiphiles[END_REF] [START_REF] Pindzola | Cross-linked normal hexagonal and bicontinuous cubic assemblies via polymerizable gemini amphiphiles[END_REF] and Hatakeyama et al.

(2010) [START_REF] Hatakeyama | Nanoporous, bicontinuous cubic lyotropic liquid crystal networks via polymerizable gemini ammonium surfactants[END_REF] also synthesised QI structures based on the same "gemini" monomers concept. The latter aimed to produce an attractive "gemini" LLC precursor on an industrial scale, using an ammonium base instead of a phosphorus one, combined to the possibility to modify the hydrocarbon length. [START_REF] Soberats | Ionic Switch Induced by a Rectangular-Hexagonal Phase Transition in Benzenammonium Columnar Liquid Crystals[END_REF], developed bicontinuous QII and HII TLC precursors for the synthesis of ion-conductive polymeric films exhibiting interconnected ionic channels to enhance ion transportation.

 Liquid crystals for aqueous membrane filtration

Several authors highlighted the possibility to create composite membranes for water filtration, based on liquid crystal precursors. To that end, two main polymerisation methods have been mainly investigated: solvent-casting [14], [START_REF] Henmi | Self-organized liquid-crystalline nanostructured membranes for water treatment: Selective permeation of ions[END_REF] and hot-pressing. The latter allows to avoid water evaporation and thus a modification of the structure prior to polymerisation [START_REF] Gin | Polymerized lyotropic liquid crystal assemblies for membrane applications[END_REF]. However, Carter et al. ( 2012) [START_REF] Carter | Glycerol-based bicontinuous cubic lyotropic liquid crystal monomer system for the fabrication of thin-film membranes with uniform nanopores[END_REF] demonstrated lower membrane performances when choosing the hot-pressing method over the solvent-casting one. Their research team therefore reported the use of low-volatile, water-miscible and non-toxic solvents to replace water in the solvent-casting process (e.g. glycerol). It should also be noted that only the solvent-casting method can be adapted to liquid crystal solution dip-coating on hollow-fibres, in order to further improve the performances of the composite membranes.

Some researchers reported the use of liquid crystals to improve the performances of membranes for water treatment, such Mahalingham et al. ( 2018) [START_REF] Mahalingam | Graphene Oxide Liquid Crystal Membranes in Protic Ionic Liquid for Nanofiltration[END_REF] who used graphene oxide liquid crystals, or Sakamoto et al. (2018) [START_REF] Sakamoto | Development of Nanostructured Water Treatment Membranes Based on Thermotropic Liquid Crystals: Molecular Design of Sub-Nanoporous Materials[END_REF]. However, the research group of Douglas Gin and Richard D. Noble (CU Boulder, United States) is to our knowledge the team that has most extensively investigated the liquid crystals for membrane synthesis for separative applications. This research team reported the synthesis of composite membranes that demonstrated higher rejection than some commercial nanofiltration membranes, with little impact on the composite permeability.

Chapter 1 -Bibliographic study 55 Table 1.7 -Liquid crystals used for membrane synthesis and their application field, as presented in the literature. 
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Conclusion

This bibliographic study focused on the synthesis, the characterisation and the polymerisation of microemulsions and liquid crystals, and more particularly of bicontinuous nanometric structures. We discussed the specifity of each microstructure, as well as the different factors affecting more on the resulting microstructure (Section 1.1). We then detailed the various possible analytical techniques to determine the microstructure of organised surfactant-based solutions (Section 1.2). We subsequently discussed the different priming techniques to initiate the radical polymerisation in emulsion and microemulsions (Section 1.3) in order to obtain an interconnected polymeric membrane from a microemulsion template. The liquid membrane filtration process was then introduced (Section 1.4) and a literature review was carried out on the various researches conducted on the synthesis of polymeric membranes using microemulsied and liquid crystal templates (Section 1.5).

If promising syntheses of bicontinuous microstructures have been obtained the last decades, we however observe that very little extensive analyses of liquid microemulsions were conducted before the membrane thin-film syntheses. SAXS and DOSY-NMR were most of the time overlooked and only conductimetric, viscosimetric or QELS analyses were conducted. We therefore suggest in this thesis work to extensively investigate our quaternary and quinary non-ionic systems. Such a study will allow us to fully assess the possible monomer microstructures adopted by the systems, as dicussed in Chapter 3. We will also discuss, how the initial microstructure and the polymerisation process will impact on the final polymer porous material microstructure. The resulting polymer networks will be characterised and their performance on membrane filtration will be addressed in Chapter 4.

Finally, from an industrial point of view, the synthesis of hollow fibre composite membranes is highly desirable, due to the high active surface per unit volume of these membranes. However, to our knowledge only one research team [START_REF] Li | Hollow-fiber membranes coated with polymerizable bicontinuous microemulsions[END_REF] coated a bicontinuous microemulsion on the surface of hollow-fibre membranes. The Laboratoire de Génie Chimique de Toulouse having substantially developed research projects on the coating of hollow-fibre membranes, we propose to discuss the applicability of this coating process to microemulsion deposits. The mathematical models depicting the liquid-onfibre deposition will be adapted to the case of microemulsions in Chapter 5.

Material

Monomers and cross-linker

Monomers: methyl methacrylate (MMA), 2-hydroxyethyl methacrylate (HEMA).

Cross-linker: ethylene glycol dimethacrylate (EGDMA) 

H 2 CH 3 O O CH 3 CH 2 C R 1 R CH 3 O O CH 3 n Methyl methacrylate (MMA) Poly(methyl methacrylate) (PMMA) C H 2 CH 3 O O O C H 2 C H 3 CH 2 O O O C CH 2 R 1 R CH 3 CH CH 2 R 3 R 2 O n n Ethylène glycol diméthacrylate (EGDMA) Poly(éthylène glycol diméthacrylate ) (PEGDMA) C H 2 CH 3 O O O C H 2 C H 3 CH 2 O O O C CH 2 R 1 R CH 3 CH CH 2 R 3 R 2 O n n C H 2 CH 3 O O O C H 2 C H 3 CH 2 O O O C CH 2 R 1 R CH 3 CH CH 2 R 3 R 2 O n n C H 2 CH 3 O O OH CH 2 C R 1 R CH 3 O O OH n 2-hydroxyethyl methacrylate (HEMA) Poly(hydroxyethyl methacrylate) (PHEMA)
All monomers were purchased from Sigma Aldrich (France) and purified using an alumina column prior to use.

Non-ionic surfactants

Synperonic TM A11 was kindly provided by Croda (France). Tergitol TM 15-S-12 was purchased from Sigma-Aldrich (France). The surfactants were used without further purification. 

Initiators

RedOx polymerisation: ammonium persulfate (APS) and tetramethylethylenediamine (TMEDA), were purchased from Sigma-Aldrich (France).

Photopolymerisation: 2,2-dimethoxy-2-phenylacetophenone (DMPA), was purchased from Sigma-Aldrich (France). 12-15
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Oxygen scavengers

Triethanolamine (TEOA) and the triethylamine (TEA) were purchased from Sigma-Aldrich (France). 

Organic solvents

Polymer washing: acetone, ethanol, methanol purchased from VWR (France) were tested.

Ultrapure water (Ω = 18.2 MΩ•cm) was used, otherwise specified.

Membranes

Microfiltration PES flat-sheet membranes MicroPES TM Type 2F were purchased from Membrana-3M (Germany). These membranes exhibit a nominal pore size of 0.2 µm and a thickness of 110 ± 10 µm. The technical data-sheet of the commercial membrane is reported in Appendix 1.

C H 3 N CH 3 CH 3 Triethylamine (TEA) O H N OH OH Triethanolamine (TEOA)

Methods

Polymerisation of the microemulsion

The surfactant-based mix was purged 2 min under Argon gas (1.5 ± 0.9 L.min -1 ) before casting.

Use of a 50 µm thick mould: The mould material depends on the initiation method used: a borosilicate mould was used for RedOx and UV-LED initiations. A mixed borosilicate-quartz mould was used for the UV-TQ150 initiation to allow the full range of UV to pass through the mould upper material (quartz). The monomer solution was set between two borosilicate cover glass -22x22 mm, thickness N°0 (VWR, France) -or between a borosilicate cover glass and a quartz glass -2 ± 0.2 mm thickness.

Use of a casting-knife: the monomer solution was casted manually on a glass plate using a casting-knife of defined thickness (100 µm) and polymerised as is.

UV polymerisation

DMPA was added at an amount of 2 wt.% with respect to the total mass of the solution. The photopolymerisation of the microemulsion was carried out using two UV lamps. The Emissivity spectra of UV lamps is reported in Appendix 2. The irradiation duration for each sample as a function of the lamp used is summarised in Table 2.1.

Monochromatic UV lamp: the LED Cube 100 UV lamp (λ = 385 nm) (Hoenle, Germany) was set at a distance of 9 cm from the sample (out of the UV box) and irradiated for various durations (60 to 3600s) at a lamp power of 90%.

Polychromatic UV lamp: the TQ150 UV lamp (Hereaus, Germany) was set at a distance of 4 cm from the sample and irradiated for various duration (2 to 5 min). 

Surfactant removal and polymer cleaning

The synthesised polymer network was kept under atmospheric conditions and protected from natural light for 12 h after priming, to ensure the complete conversion. The sample was then washed in magnetically stirred UP-water (at least two successive baths) at room temperature to eliminate the surfactants and unreacted monomers. The polymer was then stored in UPwater before analysis.

Analysis

Elaboration of pseudo-ternary phase diagrams

The pseudo-ternary phase diagrams presented in this work result from a combination of various analytical techniques, described in the following subsections.

Visual observation of the sample

The first step towards the construction of the diagrams is the visual observation: an opaque mixture indicates an unstable domain, while a transparent one indicates a microemulsion. In order to differentiate the nanoemulsion and microemulsion the stability of the mixture was studied over 3 months.

After addition of one component to the surfactant-based solution, the mixture was agitated using a stirring plate and left to equilibrate for five to fifteen minutes. The visual aspect of the sample (monophasic or polyphasic) was then reported. When specified, the birefringence of the sample was also tested using a cross-polarised analyser, kindly provided by Dr. Kevin Roger.

Conductivity measurements

Conductivity measurements were done using a Portavo 907 Multi (Knick, Germany). Samples were immersed in a 298K (25°C) thermostated bath under stirring and titrated with an aqueous solution of NaCl (0.01M) using an automated pump, as presented in Figure 2.5. The system was equilibrated for five minutes and the conductivity was measured. As the surfactants used are non-ionic, NaCl was added to the aqueous phase (water) to allow ionic displacement. 

 Peak attribution for the quinary acrylate system

The peak attribution to each compound in the 1 H NMR was performed by successively adding each compound into a microemulsion mix, cf. Water while the gradient strength was varied in 16 increments (5-95%) of the gradient ramp created by the Bruker software, DOSY. The diffusion time was set between 100 ms and 150 ms depending on the water concentration. The diffusion coefficients were determined using the Bruker TopSpin software by linear least-squares fits to the Stejskal-Tanner plots using the Simfit algorithm of Bruker software package T1/T2.

Temperature monitoring UV-light

The temperature of the sample when exposed to UV-light was monitored using a flat PT100 sensor (Prosensor, France).

Contact angle determination

The static contact angle was determined from a drop of water deposited in air on flattened nonporous polymer and glass surfaces at 22°C by a DSA30 drop shape analyser (Krüss, Germany)

equipped with an image-processing software. A micro-syringe deposited a 2 μL water drop on the surface of the investigated material. The measurement of the contact angle was made 30 s after the drop contacted the surface to allow for the liquid stabilisation. The water contact angle for material was averaged over four to seven measurements.

Small Angle X-ray Scattering (SAXS)

SAXS measurements were performed on a XEUSS 2.0 bench (Xenocs, France) and a copper internal source Genix3D (λ=1.542 Å) (Xenocs, France) at Laboratoire de Génie Chimique, Toulouse. A (800x800) µm 2 X-ray beam was produced with an energy of 8 keV and a flow of 98.10 6 ph.mm 2 .s -1 . The scattered X-rays were collected on a 150x150 mm Pilatus 1M detector (DECTRIS, Japan) located at a distance of 1216 mm from the sample, so that scattering curves cover a scattering vector (q) range of 0.009 -0.510 Å -1 . The samples were equilibrated for 24 h at room temperature (23-25°C) prior to analysis. Samples were loaded in a vacuum chamber and exposed to the X-ray beam once each for 600 s (monomer samples) or 6x 1200 s (polymer samples). All experiments were repeated at least twice (otherwise specified).

Monomer samples preparation: the samples were injected into borosilicate capillaries before being flame-sealed. The samples were investigated in a thermoregulated cell at 25°C, otherwise specified. The scattering curves were then subtracted by a borosilicate reference capillary containing UP water (acquisition: 6 x 1200 s).

It should be noted that some authors ( [1][2][3][4] among others) proposed to use an empty capillary as a reference for subtraction. We however decided to do otherwise, because the scattering length density of air is highly different than the one of the liquid compounds used, cf. Table 2.3.

Such a difference can then lead to a convolution of air with the X-ray beam. In this project, we decided to use a borosilicate with UP water as reference, to decrease the difference of SLD between the reference and the sample. Such a buffer is however not ideal and a mix of MMA, water and HEMA would be more representative of the contrast in the system. However, such a monophasic mix is not achievable for most of the compositions investigated. To avoid the impact of the contrast of the liquid-capillary interfaces (below ca. 0.02 Å -1 ) [4], the curves presented in this work will be investigated in the range 0.02 -0.5 Å -1 . Polymer samples preparation: the samples were loaded in a five position (Ø: 5mm) solid sample holder. This sample holder can be used in atmospheric condition or filled with a liquid buffer to allow for an investigation of hydrated samples. When investigating hydrated polymers, the sample holder was filled with UP water. The polymer scattering curves were then subtracted by a water reference (acquisition: 6 x 1200 s).

The resulting scattering curves were fit with various models on the SASView software. When several curves are presented in the same graph, a multiplicative factor was applied to the intensity to present an exploded view of the curves (otherwise specified).

Scanning Electron Microscopy (SEM)

All samples were cryo-fractured in liquid nitrogen and coated with a nanometric metal layer.

The deposited metal depends on the device used for observation.

Pristine polymer network: Observation done at the Laboratoire de Génie Chimique using the JSM 7100F FEG-SEM (JEOL, Japan). A platinum coating was deposited using the EM ACE600 sputter coater (Leica Microsystems, Germany).

Pristine and coated membrane MicroPES TM membranes: Observation done at the Laboratoire de Génie Chimique using the Phenom World XL SEM (Thermo Fischer, Netherlands) and the TM3000 SEM (HITACHI, Japan). A gold coating was deposited using the Emitech K500X sputter coater (Quorum Technologies Limited, United-Kingdom).

2.3.6 Cryo-scanning Electron Microscopy (Cryo-SEM)

 Sample manipulation

The sample was inserted between two high-pressure freezing (HPF) specimen carriers dedicated for cryofracture (Leica Microsystems, Germany) and immediately loaded into an ICE HPF machine (Leica Microsystems, Germany). The sample was fixated and frozen within 5 ms at 2050 bar, and then transferred to cryovials under liquid nitrogen. Then HPF specimen carrier with the frozen sample was then inserted in a PP3000T preparation chamber (Quorum Technologies Limited, United-Kingdom). More information regarding the preparation of the samples can be found in the article from Payre and al. [5]. After a quick transfer under vacuum in the preparation chamber, the samples were fractured at -140°C, sublimed at -95°C during 30 min and then coated by platinum sputtering. They were at last transferred in the Quanta 250 FEG-SEM (FEI, USA) chamber and kept at -140°C for observation at an accelerating voltage of 10 kV at Centre de Microscopie Électronique Appliquée à la Biologie (CMEAB).

 Data analysis

All cryo-SEM images used for the pore size determination were subjected to the same data treatment, using the ImageJ software. First, the scale of the image was adjusted based on the scale from the cryo-SEM analysis. The image was then converted to an 8-bit image. Because the image is required to be a binary (i.e. black and white) image, it was converted to an 8-bit format and a threshold range was set to identify the pores from the polymer matrix. Each pore was then isolated and analysed using the "Analyze Particles" function. A minimum size was identified as a pixel default size in each picture, to exclude anything different from a pore in the image. The area of each pore was then reported and the pore size calculated assuming circular pores.

Attenuated Total Reflectance Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

Infrared spectra were obtained with a Nicolet Nexus 670 (Thermo Fisher Scientific, USA) spectrophotometer. The analyses were performed at the Institut de Chimie de Toulouse (ICT).

The samples were deposited on a diamond crystal substrate and at least three spectra were recorded in the 400-4000 cm -1 domain.

Water permeability

Water permeability at 20°C L P20 (m 3 .m -2 .s -1 .bar -1 ) is defined as the ratio of the inflow volume J 20 to the applied transmembrane pressure ∆P for the measured membrane thickness h m (µm), cf. Eq. 2.1.

L P20 = J 20 ∆P Eq. 2.1
The flux measurements were carried out in 2.5 cm diameter Amicon ® Stirred Cell Reservoirs (Merck, Germany) at room temperature, as presented in Figure 2.9.

Figure 2.9 -Schematic representation of a front filtration system with an Amicon ® cell [6].

The fluxes were obtained by recording the weight of the water permeate for various duration (between 5 -30 min) and for various ranges of pressure (from 0.2 to 6 bars). All samples were studied for at least one pressure increase/decrease cycle. To avoid a temperature dependence, the ratio of the inflow volume for a temperature T is corrected to 20°C using Eq. 2.2, so that the permeability is normalised to 20°C. 

Introduction

To our knowledge, when synthesising polymer membranes from a self-assembled MMA:water:HEMA:surfactant(s) system, the microstructure of the systems has only been studied using conductivity and viscosity measurements. These measurements allow for the analyses, among others [8].

To that end we will discuss the microstructure of an acrylate quinary (or 5-compounds) non-ionic system water:MMA:(HEMA:Synperonic TM A11:Tergitol TM 15-S-12). This system was chosen based on previous work carried out by our research team at the Laboratoire de Génie Chimique. Both surfactants used are commercial, non-ionic and non-polymerisable. The Synperonic TM A11 is a linear C12-C15 ethoxylated alcohol, while the Tergitol TM 15-S-12 is a secondary C12-C14 ethoxylated alcohol. The composition of the surfactant phase will be listed as follows in the remaining of this thesis (HEMA: Synperonic TM A11: Tergitol TM 15-S-12). We will investigate three compositions of this surfactant phase, to provide information regarding the impact of HEMA on the acrylate system. All systems will be described using a pseudo-ternary diagram based on various techniques such as conductivity, birefringence, DOSY-NMR and SAXS analyses. The results will allow us to discuss whether a bicontinuous interconnected network can be achieved before the system polymerisation. This prior determination will allow us to discuss the conservation of the microstructure of the template microemulsion upon its polymerisation in Chapter 4.

This chapter will address the following questions:

 What is the microstructure of the monomer acrylate system prior to polymerisation?

 How does the addition of HEMA impact the microstructure of the monomer mixture, as we confirmed that this compound acts as a co-surfactant and co-solvent in the investigated system?

System composition

The system composition governs the microstructure of the resulting microemulsion. Non-ionic surfactants will not be impacted by the ionicity of the aqueous phase, which therefore will not be investigated in the following sub-sections. In this chapter, we will investigate three different mass compositions of the surfactant phase (HEMA: Synperonic TM A11: Tergitol TM 15-S-12):

(0:50:50), (33:33:33) and (62:19:19). The microstructure of the systems was examined at 25°C.

The choice and the weight ratio of the two commercial non-ionic non-polymerisable surfactants -i.e. Synperonic TM A11 and Tergitol TM 15-S-12 -was based on previous research work carried out in our research team in the Laboratoire de Génie Chimique. Twenty-two commercial surfactants were initially considered. The surfactants allowing the greatest intake of water into the system -and thus potentially the greatest membrane porosity -were isolated. It was then observed that the combination of these identified surfactants could further increase the water input into the system, Synperonic TM A11 and Tergitol TM 15-S-12 providing the highest possible water input. For this reason, the present work will be carried out with an equimassic ratio of these two commercial surfactants.

The HLB values of these surfactants are respectively 13.9 and 14.7. The HEMA HLB has been estimated to 9.4 using the Griffin empirical formula for non-ionic surfactants [9], [10], cf. Eq.

3.2, considering O-CH2-CH2-OH as the hydrophilic group. Based on the previous work from our research group, we calculated the HLB of our surfactant mixes using the Griffin formula [9], cf.

Eq. 3.1 and Table 3 The HLB presented are given as indication only. Indeed, to obtain more specific information on the prediction of the mean-curvature of the surfactant interface, the assessment of the CPP or HLD (Hydrophilic Lipophilic Deviation) are necessary.

In the following of this manuscript, the three investigated systems will be referred as the 

Non-ionic quaternary system investigation

We will first investigate a quaternary system made of water as the aqueous phase, MMA as the oil phase and an equimassic mix of the Synperonic TM A11 and Tergitol TM 15-S-12 non-ionic surfactants -the (0:50:50) system. We will then discuss the impact of the addition of the HEMA co-surfactant on the microstructure of the system.

Elaboration of the pseudo-ternary phase diagrams

The first step for the microstructure characterisation of the acrylate systems is the delimitation of the microemulsified domain. For this purpose, a visual investigation of the various compositions was carried out at 25°C. A mix is classified as a microemulsion if it is a monophasic, transparent and non-birefringent solution. On the contrary, a surfactant-based mix is identified as a liquid crystal if it is a monophasic, transparent and birefringent solutionexcept for cubic liquid crystals which are not birefringent. If the viscosity of the solution is a powerful criterion to identify cubic liquid crystals [11], SAXS analyses can confirm and specify the microcrystalline arrangement adopted by the molecules in liquid crystals.

The pseudo-ternary diagram presented in Figure 3.1 below has been achieved through the investigation of eight water dilution lines, two surfactants dilution lines and one organic MMA dilution line at 25°C. The birefringence of the system and its single-phase nature was tested for all tested compositions in these dilution lines.

First, we highlighted the existence of a large polyphasic domain (blue) for low surfactant contents, including the binary MMA:water domain. Above this unstable zone, we evidenced two non-birefringent zones. The yellow largest area is assumed to be a microemulsified domain, based on the low viscosity of the solutions, as well as the two SAXS scattering curves carried out in this domain (N°5 and N°6). The second non-birefringent, low viscous domain (grey), located right above the unstable zone were unfortunately not be investigated by SAXS due to a lack of time. It is therefore not possible to conclude whether microemulsions or cubic structures occur in this narrow domain. We finally demonstrated the occurrence of four birefringent zones -and thus liquid crystals zones -separated by various tie-lines (dashed zones). This thermodynamically unstable domain usually consists of a polyphasic, partially birefringent unstable mixture. We then analysed several compositions from the brown (N°1, N°2 and N°3) and red (N°4) LC domains using X-ray scattering. The following sub-sections will discuss the structure occurring in both birefringent red and brown liquid crystal (LC) domains. The composition of the samples analysed using the SAXS techniques are detailed in Table 3.2. It should be noted that the structure of the grey and pink LC domains was however not determined due to lack of time. Considering that the internal structure will not change within a same liquid crystal zone, we can therefore conclude that the red LC domain consists of hexagonal liquid crystals, and the brown LC zone of lamellar liquid crystals. We then determined the lattice parameter of each structure, as depicted in Figure 3.3, using and Eq. 3.3 for lamellar structures d L and Eq. 3.4 for hexagonal structures d H [12]. Considering the low MMA composition of the hexagonal domain compared to water, we therefore assume that this structure is a hexagonal direct HI structure, as presented in Figure 3.3. 

H d L d L = 2π q 1 Eq. 3.3 d H = 4π q 1 √3
Eq. 3.4

The lattice parameters extracted from the scattering curves of both samples are presented in Table 3.3. We determined that the centres of each cylinder constituting the hexagonal lattice are 65.4 nm apart, while the lamellae constituting the lamellar lattice are 5.7 nm apart. We can then conclude that the red and brown zones are respectively nanometric hexagonal and lamellar liquid crystal structures. Sample q1 (Å -1 ) q2 (Å -1 ) q3 (Å -1 ) Lattice parameter (Å)

N°1 1.10E-1 2.18E-1 - 57 N°2 1.11E-1 1.92E-1 2.22E-1 654

 Identification of the non-birefringent domain

The yellow non-birefringent domain shown in the (0:50:50) pseudo-ternary diagram in No defined thin peak is observed in the scattering curves of both N°3 and N°5 samples, indicating that no cubic phase is occurring in our systems. The scattering curve of the sample N°3 shows the existence of a broad peak for low-water contents. Such a scattering curve indicates the occurrence of a characteristic distance between inhomogeneities and can be attributed either to a micellar or a L3 sponge structure [2], [13]- [16]. Sample N°5, with high water content, exhibits two overlapping broad peaks, as well as a rise in intensity at small scattering vectors. Such a pattern of scattering curves have been attributed

to micellar structures by some authors [2], [13]- [15]. Obtaining micellar structures would be consistent with the general pattern of the mean-curvature evolution upon water dilution (c.f. Figure 3.5), the lamellar structure being characterised by a zero-mean curvature. However, to confirm these observations, DOSY-NMR and conductivity would have to be carried out on these samples.

Figure 3.5 -General evolution of the mean-curvature of surfactant interfaces upon water addition [17].

Intermediate conclusions:

In this section, we evidenced the possibility to formulate non-ionic liquid crystals based on a water:MMA:Synperonic TM A11:Tergitol TM 15-S-12. We identified the existence of a lamellar and a hexagonal structures, as well as two other unidentified liquid crystal zones. We also evidenced Zero mean-curvature the occurrence of a non-birefringent and non-cubic zone. Even if the analysis we performed on the few selected samples did not evidence the occurrence of a bicontinuous structure, such structures may exist in the vicinity of the lamellar domain, as suggested by Kogan et al. ( 2009) [2]. Further SAXS analyses, combined to complementary techniques such as conductivity measurements and DOSY-NMR, will necessary to fully assess the microstructure adopted by this non-birefringent and non-cubic zone in the (0:50:50) acrylate system.

Impact of the co-surfactant on the microstructure of the system

It is common practice to use a co-surfactant in surfactant-based systems to further decrease the surface tension of the interface. 2-hydroxyethyl methacrylate (HEMA) has been widely used as a co-surfactant in various research projects aimed at the synthesis of membranes from microemulsion templates, as detailed in Chapter 1. As this compound is also a monomer, its use has proven to modify the pore size of the resulting polymer network, which might be useful to tune the properties of the polymer membrane. In the following section, we will discuss the behaviour of the system upon HEMA addition, to better understand its impact on the system.

Previous research work carried out by our research team in the Laboratoire de Génie Chimique, developed a specific composition to be polymerised in order to obtain a nanometric porous material to be used in membrane filtration, as discussed in Chapter 4. We then diluted a (38:29:33)0:50:50 composition with HEMA so that the composition of interest when reaching 34.7 wt.% HEMA in the system. This initial composition is located into the lamellar domain of the (0:50:50) acrylate pseudo-ternary system. After the addition of 4.6 ± 0.2 wt.% HEMA, no birefringence was observed indicating a disappearance of the lamellar liquid crystal phase. We then investigated the evolution of the microstructure of the system for several HEMA contents using SAXS analysis, as presented in Figure 3.6. The SAXS scattering curves presented above show the disappearance of the thin and welldefined peaks indicating a lamellar structure, when adding 4.7 wt.% HEMA. Two broad peaks are found instead and indicate the absence of a long-range order but the preservation of a shortrange order. We then observe that further increasing the amount of HEMA in the system modifies both the position of the maxima of the broad peaks and the general shape of the curves.

At the birefringence disappearance limit (4.7 wt.% HEMA), two broad scattering peaks are observed. Compared to the lamellar structure (0 wt.% HEMA), these two broad peaks are shifted towards smaller values of scattering vector, indicating an increase of the size of the structure. Plus, we note a d-spacing ratio of 0.438 between these two broad peaks, while a lamellar structure exhibits a spacing ratio of ½. Such a result seems to indicate that the initial lamellar structure (0 wt.% HEMA) is being distorted upon addition of 4.7 wt.% of HEMA. This distortion will cause the loss of the long-range structuration of the liquid crystal while maintain a short-range order highlighted by the occurrence of the broad peaks. Because the characteristic distance between the lamellae increases from 6.5 nm to 9.1 nm (cf. Eq. 3.3) after addition of HEMA, we conclude that these molecules will swell the structure and be into one or both of the antagonist phases. When further diluting the system 4.7 wt.% system with HEMA, a gradual decrease in the intensity of the scattering curves is observed. Such a behaviour can result from a decrease from the interface stiffness and thus indicating a decrease of the order in the microstructure [1], [3], [18], [19]. Kogan et al. (2009) [2] reported the use of short amphiphilic organic co-surfactants, that altered the surfactant lamellar interface and led to bicontinuous structures with short-range order. Maldonado et al. [20] and Oberdisse et al. [21] also specified that non-ionic surfactant systems usually evolve from a lamellar to an L3 sponge structure upon co-surfactant addition, visually characterised by a loss of birefringence and of viscosity, which we observed when diluting the (38:29:33)0:50:50 composition with 4.6 ± 0.2 wt.% of HEMA. These visual observations combined to the analysis of the SAXS scattering curves presented in Figure 3.6 could indicate the existence of a bicontinuous or L3 sponge phase upon HEMA addition. In order to determine whether a L3 sponge phase is obtained, the flow birefringence of the sample is to be analysed: a L3 structure will appear birefringent when undergoing a shear constraint that will align the surfactant interface and create a temporary lamellar structure [22].

However, because HEMA is also a co-solvent of the system and is able to co-solubilise MMA and water, one can question if an interconnected structure is obtained when diluting the system with high amounts of HEMA. Indeed, the co-solubilisation of the organic and aqueous phases can give rise to nanostructured aggregates [23]. Such a hypothesis was however not further investigated as part of this project due to lack of time.

Intermediate conclusions:

After the addition of 4.6 ± 0.2 wt.% HEMA, the acrylate non-ionic monomer system becomes fluid and loss its birefringent nature under cross-polarised light, indicating a disappearance of the lamellar liquid crystal. Based from the scattering curves in Figure 3.6, we concluded that when 4.7 wt.% HEMA is added in the system, the lamellar liquid crystal structure undergoes a distortion and a growth of its lamella(e). Such a modification of the structure results in a loss of the characteristic long-ranged structuration of the liquid crystal.

Based on the experiments we carried out, we were however not able to definitely conclude on the structure of the systems when increasing the amount of HEMA. The microstructure of the systems containing 18.7 wt.% and 34.7 wt.% HEMA will be further discussed in Section 3.4.

Non-ionic quinary systems investigation

Based on the results presented in Section 3.3, we evidenced that addition of HEMA will destabilise the lamellar liquid crystalline domains and give rise to bicontinuous microstructures. However, we did not investigate the evolution of other (dis)ordered structures upon addition of the co-surfactant. We propose to address this issue by analysing two quinary systems containing different HEMA to surfactants mass ratios (HEMA:Synperonic TM A11:Tergitol TM 15-S-12): the (62:19:19) and (33:33:33) systems. To that end, a global conductimetric approach will be combined with specific SAXS and DOSY-NMR analyses.

Elaboration of the pseudo-ternary phase diagrams

The first step for the characterisation of the microstructure of the two acrylate systems is the delimitation of the microemulsified (or cubic) domains. For this purpose, a visual investigation of the various compositions was carried out at 25°C. A mix is classified as a microemulsion if it is monophasic, transparent and non-birefringent. The stability of the transparent solutions was proved over three months. The system also needs to be established as non-cubic to be fully assessed as a microemulsion, which we will later discuss in Sections 3.4.2 and Appendix 4. The resulting pseudo-ternary phase diagrams are presented in Figure 3.7. It should be noted that the biphasic structure along the axes of the ternary diagrams was not probed, except for the MMA:water axis. We reported the behaviour of the quinary system as soon as a drop of the third phase was added into the liquid system. When comparing both pseudo-ternary diagrams, we observe that the size of the microemulsified zone is increased in the (33:33:33) compared to the (62:19:19) system. Plus, the high MMA to surfactant domain at low water content (< 10 wt.%) are polyphasic in the quinary systems, whereas such domains are monophasic in the quaternary (0:50:50) system.

These observations are consistent with the impact of the amphiphilic HEMA on the (0:50:50) quaternary system. Indeed, we demonstrated in the previous section that increasing the quantity of HEMA in the system leads to a more disordered structure and a looser surfactant interface. Adding an increasing amount of HEMA in the quaternary system decreases the strength of the interface and thus its ability to stabilise the system. Plus, HEMA can also act as a co-solvent, thus further increasing the amount of the phases to be stabilised by the interface.

Conductivity measurements were then carried out to better characterise the microstructure of the transparent domains. In order to monitor the conductivity of non-ionic systems, the addition of an electrolyte in the system is necessary. As polyethoxylated non-ionic surfactants are not impacted by the salinity of the solution, such a modification will not impact on the microstructure of the investigated mix. Two conductimetric methods have been discussed in the literature [24]- [26]: adding the salt in the initial MMA-surfactant mix (the salt being dissolved due to the hydrated nature of the surfactants) or in the aqueous solution -here water.

Both methods are valid but provide slightly different boundaries, cf. We decided to dilute the system with a NaCl aqueous solution (0.01M), indeed this choice allows for an easier delimitation of the micellar zone by the determination of the slope discontinuities. The delimitation of both percolation boundaries was then determined when a slope discontinuity was observed. As expected, three zones are identified based on the 

Intermediate conclusions:

Based on the literature, we could expect a W/O system up to 24 wt.% water, an O/W system above 67 wt.% and an intermediate bicontinuous structure. However, such information cannot be drawn from conductimetric measurement only, as other hydrophobic and hydrophilic nonbirefringent microstructures may occur (e.g. cubic LC). Hence for the time being, we will refer to these three domains as the hydrophobic, intermediate and hydrophilic zones with respect to the water increase. Other analyses, such as DOSY-NMR and SAXS, are required to fully investigate the microstructure of the mixture and to conclude whether the transparent, nonbirefringent domain is a cubic or a microemulsified domain. Such analyses cannot be carried out for the entire monophasic area. Thus, we will focus on the investigation of specific dilution lines in the following sub-sections.

Evolution of the microstructure upon water dilution

In order to follow the evolution of the thermodynamically stable microstructures upon water addition, we will investigate the (15:85) water dilution line in both (33:33:33) and (62:19:19) systems, as presented in Figure 3.9. SAXS and DOSY-NMR analyses will allow to determine the structural transitions induced by a water increase.

DOSY-NMR analysis

The (15:85) water dilution line for both (33:33:33) and (62:19:19) systems were investigated using DOSY-NMR analyses. Before proceeding with the examination of the system, it is important to note self-diffusion coefficients determined by DOSY-NMR are average coefficients:

if a constituent is found in two distinct phases, its self-diffusion coefficient will be an average value of its coefficient in both phases. From the literature 0.312 [27] 2.299 [28] 3.06 [29] This observation is however not surprising, because water and HEMA are both hydrophilic molecules that can create H-bonds between themselves. The occurrence of interactions between molecules will decrease their mobility, and thus their diffusion coefficient. As a result, water molecules will diffuse at about the same velocity as MMA molecules because the acrylate compound does not exhibit any interaction with itself, unlike water. For the same reason, HEMA and MMA -having a fairly similar molecular weight -will diffuse at very different rates due to the intermolecular interactions occurring between HEMA molecules.

Self-diffusion coefficients D of the quinary solutions the (15:85) water dilution line

The self-diffusion coefficients of water, MMA and HEMA for various compositions along the (15:85) water dilution line are summarised in Figure 3.9. Due to the overlap of the hydroxyl peaks of water and HEMA, the water self-diffusion coefficient for a 5 wt.% water content was not determined. The associated relative diffusion coefficients D D 0 are reported in Figure 3.11. These relative coefficients represent the ability of the molecule to move through the mix compared to the pure liquid and is thus calculated as a ratio of the diffusion coefficient in the mix to the pure liquid (see Table 3.4).

Figure 3.10 -Evolution of the diffusion coefficient of (△) MMA, (□) HEMA, (○) water and () non-ionic

surfactants at 25°C, as a function of the water content along the (15:85) water dilution line in the (left) (62:19:19) and (right) (33:33:33) acrylate systems.

In both (33:33:33) and (62:19:19) systems, the MMA and HEMA self-diffusion coefficients remain stable respectively up to 65 wt.%. In the (33:33:33) system, the MMA and HEMA selfdiffusion coefficients are respectively about 3E-10 and 2E-10 m 2 .s -1 , while they both are about 2E-10 in the (62:19:19) system. Above 65 wt.% of water, their self-diffusion coefficients slightly increase: MMA coefficients reaches 3.6E-10 and 4.6E-10 m 2 .s -1 , while HEMA coefficients reaches 4.9E-10 and 5.6E-10 m 2 .s -1 for 85 wt.% water in the (33:33:33) and (62:19:19) systems respectively. The relative diffusion coefficients of MMA remain between 0.11 and 0.16 m 2 .s -1 for the whole range of water content for both systems. HEMA relative diffusion coefficient, in turn, increases sharply and non-linearly upon water dilution from 0.6 and 0.9 to 2.4 and 2.7, for the (33:33:33) Such an evolution originates from the creation of hydrogen bonds, as detailed for pure HEMA molecules. Bellaire et al. [30] reported that the dilution of the pure alcohol solution decreases the hydrogen bond (H-bond) prevalence and thus increases the mobility of the alcohol -and in our case of HEMA. We must however note that this result does not imply that the HEMA molecules do not longer form H-bonds, as they can still form H-bonds with smaller molecules such as water. However, the hindrance will be reduced and the mobility enhanced compared to identical molecules binding with each other. We then observe that the diffusion coefficient of MMA and HEMA is not significantly modified upon water dilution for both surfactant phase compositions. These results indicate that the surface area available for the movement of MMA and HEMA molecules remains highly restricted up to 65 wt.%, but then slightly increases until 85 wt.% water dilution for both investigated acrylate systems. We also can note that the value of these coefficients is quite similar for HEMA and MMA, which implies that both molecules will be free to move across a similar surface per second -and thus tend to indicate that they belong to a single phase. This result is reinforced by the fact that HEMA average self-diffusion coefficients are always at least an order above the ones of the surfactant mix. From these results, we conclude that HEMA molecules are not strictly restricted to the surfactant interface and will mostly be found in the organic phase as a co-solvent of MMA.

No evolution of the self-diffusion coefficients of the non-ionic surfactants mix (Synperonic TM A11 and Tergitol TM Water self-diffusion coefficients, in turn, increase from 2.8E-10 or 3.6E-10 to 2.4E-9 m 2 .s -1 when raising the water content from 5 to 85 wt.%, for the (33:33:33) ) is successfully obtained when extrapolated to a dilution of 100 wt.%. We hypothesise this non-linear evolution of relative self-diffusion coefficient of water to result from the nature of the head-groups of the non-ionic polyethoxylated (PEO) surfactants. It has been reported

that the water-EO interaction lowers the solvent mobility near the surfactant interface (cf.

Figure 3.12), leading to lower self-diffusion coefficients [6], [31]. An empirical correction can be applied to compensate this hydration effect. However, this correction factor must be determined beforehand on the basis of the diffusion of micellar microstructures, which is outside our scope. We can nevertheless note that, as the diffusion coefficients are average coefficients the hydration impact will decrease upon system dilution.

Indeed, the freer water the less the impact of the bounded water on the average self-diffusion coefficient. We therefore conclude that for low water contents, the average self-diffusion

Free water

Water bounded to PEO's hydrophilic head coefficient will be lowered by the hydration effect, but when increasing the water content in the system, the hydration effect will be less impacting until a linear increase is achieved.

Intermediate conclusions:

As wt.% of water, MMA and HEMA coefficients do not significantly vary, which indicates that the organic structure does not evolve upon water dilution, which is highly uncommon and seems to be in contradiction with the common behaviour of microemulsions upon water dilution.

The aqueous phase in turns, slowly grows in this dilution range, as expected when diluting the system with water. Above 85 wt.% of water, the relative self-diffusion coefficient of water is equal or higher than 0.8, indicating that the aqueous phase is becoming a continuous phase in the system. We would therefore expect the oil phase to form discrete droplets, but this phenomenon seems to be contradicted by the increase of both MMA and HEMA self-diffusion coefficients.

Finally, we evidenced a similar behaviour of the self-diffusion coefficients of water, MMA and HEMA regarding their evolution and their value upon water dilution for the two (33:33:33) and

(62:19:19) acrylate systems. We therefore assume that the ratio HEMA to non-ionic surfactant does not have a significant impact on the size of both hydrophilic and hydrophobic phases in the two investigated systems.

Based on the mere DOSY-NMR results, it is not possible to conclude on the microstructure adopted by the (62:19:19) and (33:33:33) systems. SAXS analyses of the two investigated dilution lines were then performed in order to obtain more information on the microstructure adopted by the two systems.

SAXS analysis

The SAXS scattering curves of the (15:85) dilution lines for both (62:19:19) and (33:33:33) systems are presented in Figure 3.13. The X-ray source used for these analyses was less powerful than the one presented in Chapter 2 and produced a flow of 18.10 6 ph.mm 2 .s -1 . Each sample was exposed to the X-ray beam 6 x 1200 s at room temperature (23°C). First, we observe no thin, well-defined peaks characteristic of liquid crystal structures. We can therefore conclude that the solution is not a cubic liquid crystal. We then note that two dilution lines exhibit a common pattern: a single peak is observed for low water contents, a second (more or less well-defined) peak then appears above 35 wt.% and 25 wt.% water and these two peaks will finally merge for ca. [START_REF] Sanz | Membrane synthesis by microemulsion polymerisation stabilised by commercial non-ionic surfactants[END_REF] We note that both (32:68) 33:33:33 and the (21:79) 62:19:19 water dilution lines cross the lamellar domain and its associated tie-line. However, when diluting these two dilution lines with HEMA both lamellar structures disappear. This disappearance is consistent with the co-surfactant and co-solvent role of HEMA: increasing the HEMA content in the system loosens the surfactant interface and decrease its capacity to create an organised structure, which is also observed when comparing the definition and the intensity of the peaks in both (62:19:19) and (33:33:33) systems. Indeed, the (33:33:33) system -which contains the lower amount of HEMA -exhibits broad peaks better defined than the (62:19:19) system, whose peaks are so weakly defined they create a broad asymmetrical shoulder. Plus, the scattered intensity of the (33:33:33) curves is higher than the (62:19:19) curves, indicating a decrease of the stiffness of the surfactant interface, and thus a decrease of the internal order. system and the associated dilution lines in the (bottom) (62:19:19) and (top) (33:33:33) systems.

Based on the results presented in Section 3.3, we therefore conclude that the zone crossed by the (32:68) 33:33:33 and the (21:79) 62:19:19 dilution lines exhibit low curvature of the surfactant interface between ca. 25 wt.% and 55 wt.%. Diluting lamellar structures with a co-surfactant can affect the Gaussian elastic modulus of the interface and modify its topology [21], [32]. If this modulus is positive a saddle-like topology is favoured (sponge phase), while a negative modulus will favour closed aggregates (vesicles) [33]. However, because neither the organic nor the aqueous phase can form a continuous medium based on the DOSY-NMR analyses, the occurrence of a vesicular structure in the quinary systems seems quite unlikely. The occurrence of a bicontinuous microemulsions originating from a lamellar structure was also discussed by wt.% water. We therefore hypothesise here the occurrence of an interconnected structure between ca. 25 wt.% and 55 wt.% water in the quinary systems. We further assume that the aqueous channels swell when increasing the water content from 25 to 55 wt.%, but not the organic channels. Nakamure et al. (1997) [34] diluted a hexanol/sucrose monododecanoate system with a (50:50 wt.%) mix of water:decane solution. They reported the swelling of both organic and aqueous lamellae, causing the hexanol co-surfactant to be distributed in the oil and in the palisade layer of the surfactant interface. This surfactant bilayer is then assumed to become more flexible during the system dilution, leading to the appearance of a bicontinuous structure.

Above 55 wt.% water, we observe a sharper increase of both conductivity and water selfdiffusion coefficients. Based on these observations, we therefore assume that the aqueous channels of this interconnected structure are not able to swell anymore upon water addition and undergo breakage to give rise to a continuous aqueous medium above 85 wt.% of water.

This assumption is also consistent with the SAXS scattering curves, which display the transition from two broad peaks to a single peak and a signal pattern characteristic of micellar structure.

However, we note an increase of the self-diffusion coefficients of both MMA and HEMA, which is quite uncommon when obtaining O/W micelles. Kogan et al. (2009) [2] also reported such an increase in the self-diffusion of the co-solvent/co-surfactant compounds and justified this behaviour as the displacement of these molecules into the aqueous continuous medium, as they were no longer needed in the surfactant interface to create oil micelles. Such a justification is also in good agreement for the present system, as HEMA can co-solubilise MMA and water. It is therefore possible for HEMA to be partially located in the aqueous phase, where it can co-solubilise a small amount of MMA. Such a phenomenon could then explain the increase in the self-diffusion coefficients of both MMA and HEMA when the aqueous phase becomes continuous.

Below 25 wt.% of water, it seems unlikely for a micellar structure to occur based on the self-diffusion coefficients obtained for the organic and aqueous phases. As no characteristic scattering pattern was observed and because we were not able to conclude on the structure adopted by the quaternary (0:50:50) system for such a water content, we can only conclude on the co-existence of confined aqueous and organic domains stabilised by a large quantity of surfactants.

Conclusion

We investigated the microstructure adopted by systems of various surfactant phase (HEMA:Synperonic TM A11: Tergitol TM 15-S-12) compositions, namely the (0:50:50), (33:33:33) and (62:19:19) systems. The elaboration of the three pseudo-ternary phase diagrams (see Figure 3.15) was carried out using cross-polarised light observation, conductivity measurements as well as DOSY-NMR and SAXS analyses. The purpose of our investigation was twofold and aimed to answer two questions:

 How does the addition of the HEMA co-surfactant and co-solvent impact the microstructure of the monomer mix?

HEMA is an amphiphilic monomer, miscible in both water and MMA phases. Its weak amphiphilic nature allows it to alter the surfactant interface mean-curvature, which we evidenced in this Chapter. We demonstrated that HEMA addition led to a disorganisation of the liquid crystal structures and gave rise to transparent non-birefringent domains. We also evidenced that further increasing the HEMA content in the system led to a decrease of the scattered intensity of the SAXS curves, thus indicating a decrease in the interface stiffness. If some authors reported the achievement of a sponge-phase upon dilution of a lamellar structure with a co-surfactant solution, we were however not able to unequivocally conclude on the achievement of such a structure when diluting the present system with HEMA. Such a behaviour however tends to confirm the role of HEMA as a co-surfactant, as stated by other authors [24],

[37]- [45].

Depending on the authors, HEMA has been located in the organic [24], [40], [42], [45],

surfactant [39], [44] and aqueous [41] phase. Because we considered HEMA as a co-surfactant, we chose to incorporate this compound in the surfactant phase. However, using DOSY-NMR analyses we concluded that MMA and HEMA most probably belong to a single organic phase, indicating a significant proportion of HEMA is also located on the organic phase. One might therefore question the choice we made to consider HEMA as a co-surfactant in the pseudo-ternary phase diagram. In order to conclude where the HEMA molecules are located, SANS analyses using deuterated HEMA can be considered. Such an analysis would allow for the determination of the location and proportion of HEMA molecules are located in the mix.

Depending on the results obtained, further composite phases could be considered to create additional pseudo-ternary phase diagram(s), e.g. a composite HEMA and MMA organic phase.

Such additional information would allow for a better description of the systems presented in this manuscript.

 What is the microstructure adopted by the system as a function of the HEMA to the non-ionic commercial surfactants?

We identified two main behaviours in our systems, depending on their HEMA content. The system was named after their composite surfactant phase ratio: (HEMA:Synperonic TM A11:Tergitol TM 15-S-12). The quaternary (0:50:50) system -which does not contain any co-surfactant -presents three identified main domains: thermodynamic unstable polyphasic, liquid crystal and transparent and non-birefringent domains. A partial investigation of the liquid crystal domains allowed for the identification of lamellar and hexagonal domains.

However, at least two other liquid crystal domains were left unidentified due to lack of time.

Their identification would allow for a better understanding of the system.

We then investigated two other systems, characterised by a composite surfactant phase containing HEMA as co-surfactant. The (62:19:19) and (33:33:33) systems exhibit a restricted monophasic domain compared to their analogous domains (0:50:50) system. This phenomenon was attributed to the decrease of the surfactant content in the system, to the benefit of HEMA co-surfactant. We also demonstrated the disappearance of the liquid crystal domains upon cosurfactant addition, which also results from the weak amphiphilic behaviour of HEMA. These organised domains are progressively disorganised to give rise to a transparent non-birefringent structure. Based on DOSY-NMR, we concluded that no continuous organic nor aqueous medium could occur below ca. 55 wt.% water, indicating the absence of W/O structure.

Combining conductivity, DOSY-NMR and SAXS analyses, we then assumed that the organised structures of the (0:50:50) system are distorted upon HEMA addition, to create a bicontinuous structure. We further hypothesised that these aqueous channels swell upon water addition, until water molecules cannot be further absorbed by the channels. The structure would then undergo breakage and give rise to an O/W micellar structure. Based on the results presented in this thesis, we were however unable to conclude on the microstructure adopted by the (62:19:19) and (33:33:33) systems below 25 wt.% of water. We advise further work to investigate the hypothesis of the occurrence of dynamic nanostructures resulting from the co-solubilisation of the aqueous and organic phases with HEMA, to conclude on the hypotheses here discussed. SANS and liquid TEM associated to 3D tomography could give some more insight on the microstructure adopted by the system.

In this work, we investigated the impact of the composition of the system for a fixed temperature. However, we know that the temperature factor has a dramatic impact on the structure adopted by the quaternary and quinary systems, due to the polyethoxylated nature of both Synpernonic TM A11 and Tergitol TM 15-S-12. Their ethoxylated functions will reversibly dehydrate upon heating, which promote their oil solubilisation and thus increase the interface mean-curvature. The construction of fishtail diagrams would then allow for a better overall understanding of the system, which is highly dependent on both temperature and composition.

Because commercial surfactants consist of a mix of amphiphilic molecules of various hydrocarbon lengths, using a mix of commercial surfactants complicates the determination of the microstructure adopted in the system. In order to fully elucidate the structure of the system, we therefore advise to simplify its composition by using only one pure non-ionic nonpolymerisable surfactant.

In the next chapter, we will discuss the polymerisation of several self-assembled structures located in both the (62:19:19) and (33:33:33) systems to determine their suitability as a polymer material for liquid membrane filtration. 

Introduction

In the previous Chapter, we demonstrated that the use of Synperonic TM A11 and Tergitol TM 15-S-12 allows for the occurrence of both organised and quite disorganised structures, as a function of the composition and the co-surfactant quantity. For the purpose of our study, we decided to focus only on the previously discussed quinary systems. Therefore, the polymerisation of liquid crystal structures will not be addressed as part of this work.

In this Chapter, we will discuss how the monomer microstructure evolves upon polymerisation.

To that end, we will present a comprehensive case study based on the formulation developed in our research team prior to this work. We will investigate whether the polymerisation process is a critical factor to consider. We will also identify the microstructure of the resulting cross- This chapter will address the following questions:

 How is the monomer microemulsified structure affected by the polymerisation process: is the nanoscaled microstructure maintained throughout the polymerisation process when using non-polymerisable surfactants?

 How do the system composition and the polymerisation initiation method impact on the final microstructure of polymer when polymerising a monomer self-assembled system stabilised using a mix of non-ionic and non-polymerisable surfactants?

 Are any investigated polymerised monomer self-assemblies of significant interest for membrane filtration? Two compounds will be added to the mixtures represented in the pseudo-ternary phase diagrams presented in the previous Chapter: a cross-linker and an initiator. Indeed, using a cross-linker -ethylene glycol dimethacrylate (EGDMA) -allows to achieve a strong interconnected polymer network. Some authors [2-10] also reported the use of such a compound to reach the system gel point quicker, and thus to shorten the period during which the microstructure can evolve. As part of our work, the amount of cross-linker added in the system was set to 4 wt.% (or 2.4 mol.%) of all the monomers in the system, i.e. MMA and HEMA.

Adding an initiator in the system allows to trigger the polymerisation process, either by exposing the sample to UV light (photopolymerisation) or by adding the second element of the couple oxidant-reductor. The type of initiator and its quantity used in the system are addressed in the Appendix 3. We will first discuss the evolution of the microstructure of this specific composition upon polymerisation. Three initiation paths will be discussed as part of this work: MMA Water HEMA : Synperonic TM A11 : Tergitol TM RedOx initiation, UV polymerisation under a monochromatic LED lamp and UV polymerisation under polychromatic TQ150 mercury lamp. We will discuss how this initiation step affects the resulting polymer structure. Finally, the performances of the polymer membranes will be estimated based on the statistical analysis of the cryo-SEM images of each sample.

Polymer microstructure characterisation

The polymerisation process has been investigated and optimised, as described in Appendix 3.

In the following, we will consider the parameters presented in Chapter 2. In order to avoid any modification of the composition due to evaporation, we polymerised the microemulsified sample between two borosilicate lamella (RedOx and UV-LED initiations) or between a borosilicate and a quartz lamella (UV-TQ150 initiation). Indeed, quartz allows UVC and UVB rays to penetrate the monomer sample, which borosilicate prevents.

Microstructure of the polymer depending on the initiation method

The (21:23:56)62:19:19 polymers cured using RedOx, UV-LED and UV-TQ150 polymerisation methods were investigated using classic SEM analyses, cf. Figure 4.2. In each case, we observe no porosity in the polymer cross-section. We therefore suspect a collapse of the nanopores during the dehydration following the washing step and/or the application of a secondary void in the SEM chamber. This collapse could be due to the shrinking of the nanometric pores and the formation of weak bonds between the polymer chains, which can create H-bonds (e.g. with the hydrophilic ester function on the PHEMA units). To prove this last hypothesis, we carried out a cryo-SEM analysis on hydrated (21:23:56)62:19:19 polymer samples. We first note that the images presented in Figure 4.3 prove the occurrence of a nanometric porosity in the sample cross-sections, regardless of the initiation of the polymerisation process. This observation confirms our assumptions regarding the structure collapse under dehydration and/or application of the void on a dehydrated sample.

We then observe that the photopolymerised samples exhibit asymmetrical structure. The UV-TQ150 sample displays three different zones: a dense surface layer of ca. 500 nm, an intermediate porous structure and finally a highly porous second surface layer of about 5 µm. This porous layer consists of about 3 µm of highly porous interconnected structure and ca. 2 µm of polymer agglomerates forming macroporosities on top. The intermediate porous structure displays a decreasing porosity through the thickness of the dense layer from 500 nm to the highly porous layer. A similar phenomenon is observed along the UV-LED cross-section: two surfaces of different porosity are framing a central nanoporous presenting a porosity gradient, but to a lesser extent as no macroporosities are observed. The RedOx initiated sample in turn does not exhibit any porosity gradient as such, but both surfaces are denser than the sample central thickness. Because no porosity gradient was observed in the RedOx sample, we conclude that the occurrence of a modification of the pore size along the membrane thickness is, at least partly, due to the UV penetration gradient into the monomer sample thickness due to the Beer-Lambert law behaviour of the UV intensity.

The difference of microstructure between the surfaces and the polymer bulk is due to the difference in interactions between the polymer and the borosilicate glass compared to the polymer against itself. Such a phenomenon has already been reported by other researchers [7,[11][12][13] when synthesising polymer membranes, but no explanation was discussed. More generally, the modification of the surfactant-based solution interfaces has been attributed to a Gibbs-Marangoni effect [14][15][16][17]. This effect occurs when a pure liquid is being evaporated, when surfactants are present in the system or when both phenomena occur simultaneously, as discussed by Van Gaalen et al. (2021) [17]. When the solution in contact with an interface undergoes a gradient of surface tension -caused by the interaction of the surfactants with the interface and/or by the evaporation of the liquid -a so-called Marangoni flux occurs to restore the system thermodynamic balance, as described in Figure 4.14. The surfactant from the liquid-vapour interface is displaced to the solid-liquid interface, leading to a depletion of the former interface. The surfactant present in the bulk will then move towards this air-liquid interface to restore an equilibrated system, as described by Von Bahr et al. (1999) [16]. We thus assume that because the borosilicate behaves as a hydrophilic substrate with the microemulsion (θ = 25 ± 3°), the microemulsion may rearrange its structure to better accommodate to this hydrophilic surface. Plus, we observe some rugosity above the dense layer on the polymer surfaces, which we attribute to the occurrence of polymer aggregates at the interfaces. We therefore conclude that the polymer interfaces in contact with the borosilicate, or quartz, glass will bear more hydrophilic particles and more surfactant molecules than the polymer bulk. As a result, the oil displaced from the interface towards the bulk will give rise to a subsequent dense polymer layer in the vicinity of the solid-liquid interface.

No difference between the upper and lower surface are observed for the RedOx sample, indicating an isotropic polymerisation process. The UV-cured samples however present two different surface structures, one surface being much denser than the other. As detailed above, the presence of a glass plate above the sample modifies the affinity in the vicinity of the interface, but also prevents water and MMA evaporation. Indeed, UV-lamps heat the sample up, especially polychromatic lamps such as the TQ150 which emits IR for 100 s before emitting UV light. Hence, some easily vaporisable compounds (i.e. MMA and water) may vaporise before and/or during the UV-irradiation and unsuccessfully try to escape the solution because of the upper glass plate. Such an evaporation gives rise to a more complex Marangoni effect on the upper liquid-solid interface, which now combines a surface tension gradient caused by two phenomena: a surfactant displacement due to solid-liquid interface contact and a solvent evaporation. This combination gives rise to some macroporosities under the polychromatic UV-TQ lamp, cf. We also observe that when using a low-heating UV-device (i.e. the LED lamp), no macroporosities occur but large pores are observed on the upper surface. This observation directly results from the lower temperature increase -and thus to a lower evaporation phenomenon -caused by the LED compared to the polychromatic lamp. Finally, we conclude that because the opposite bottom interface of the cured polymer is less affected by sample heating of the lamps, it rearranges in a similar way to the RedOx sample.

We will now further discuss the polymer bulk. We observe that, depending on the initiation method, the bulk pore size and distribution are modified. In order to quantify the pore size and the pore size distribution of the three samples, we carried out a statistical analysis of the cryo-SEM images, for each sample as presented in Figure 4.6. Because the photoinitiated polymer samples exhibit an anisotropic behaviour in the bulk polymer, we differentiated the low (selective) and high (porous) porosity domains of the polymer bulk.

The statistical distribution of the pore radius for each sample -high and low porosity domains distinguished -is presented in Figure 4.7. We first note that the RedOx sample displays a narrower distribution of pore radius (2-20 nm) than the UV-LED sample (5-35 nm), which in turn is narrower than the pore radius distribution in the UV-TQ150 sample (2-115 nm). To better describe each porous polymer, we then determined the mean pore radius of each sample, using a lognormal distribution model -which is widely used for membrane pore size distribution [18] -as presented in Table 4.1. For the two anisotropic photopolymerised samples, only the least porous -and most selective -part of the sample was considered (i.e. dashed distributions in Figure 4.7). To avoid the impact of the mould material, the interfaces were not investigated and only the polymer bulk is assessed. Overall, we observe that the pore size distribution seems to follow a lognormal distribution for all the three samples. However when assessing the distributions with the Χ² test, we note that these distributions of the UV samples follow a lognormal distribution with a confidence level of about 10%. We attribute this issue to the occurrence of pore junctions, which are observed in the cryo-SEM images, cf. We notice that the pore radius ranges and mean radius of the UV-LED and RedOx samples are about 3 times narrower than the one of the UV-TQ150 sample. We also experimentally observe that the polymerisation duration is longer for the RedOx (ca. 15 min) than for the UV-LED (ca. 60 s) initiation method, which is in turn longer than the UV-TQ150 method (<1 s, lamp warm-up period excluded). We can therefore conclude that for the (21:23:56)62:19:19 sample, the pore size increases when the polymerisation kinetics decreases.

We therefore conclude that using an isotropic initiation method (RedOx) logically leads to a narrower pore size distribution, compared to anisotropic initiation methods (UV). Plus, for anisotropic photopolymerisations, we observed that the longer the polymerisation duration, the smaller the pore size and the narrower the distribution. We therefore conclude that, in this specific case, the decrease of the polymerisation kinetics induces a better homogenisation of the pore structure during the process and thus a narrower pore size distribution. This homogenisation also led to smaller pore radii for our system.

Intermediate conclusions:

The cryo-SEM images evidenced the occurrence of a porous and, at least partially, interconnected network for all investigated samples, regardless of their initiation method. We however concluded that the polymerisation kinetics and the isotropic behaviour of the initiation method affect the pore size and the interface structure, the latter being modified by the Marangoni effect due to the interaction of surfactants with the solid surface, and in the case of cured samples the evaporation of the solvent. For the (21:23:56)62:19:19 system, a longer isotropic polymerisation process leads to a narrower pore size distribution, associated to smaller pore radii.

As a conclusion, we evidenced based on the experimental results that the initiation method is a critical factor to be considered, due to the non-polymerisable nature of the surfactants used.

Indeed, the surfactant to polymer affinity being different from that to monomer, the interface curvature will evolve during the polymerisation, and so will the system microstructure.

Because the initiation step impacts greatly the propagation of the polymerisation, the quantity of monomer to polymer at a given moment -and thus the interface curvature -will vary depending on the initiation method applied. Further work focused on understanding each initiation mechanism and kinetic will be needed to identify the origin of the observed differences.

We highlighted the occurrence of a bicontinuous structure before and after polymerisation of the (21:23:56)62:19:19 system. We will now discuss how the polymerisation and the washing processes affected the initial monomer microstructure.

Evolution of the microstructure during the polymerisation process

In Chapter 3, we discussed the (21:23:56)62:19:19 monomer sample microstructure. In the last paragraphs, we then highlighted that the associated polymer obtained by UV (LED and polychromatic lamps) and RedOx initiation methods is nanoporous. Some authors argued that polymerising a monomer system structured by non-polymerisable surfactants may result in the conservation of the microstructure [5,6]. We propose to verify this affirmation for the Synperonic TM A11 and Tergitol TM 15-S-12 non-polymerisable surfactant system. sample consists of a broad peak, whose scattering vector associated to the peak of maximum intensity can be used to determine the characteristic distance between the scattering inhomogeneities -i.e. the interconnected monomer channels, cf. Eq. 4.1. We determined this characteristic distance to be 4.8 nm (qmax = 1.3E-1 Å -1 ) in the monomer system.

d = 2. π q max

Eq. 4.1 The polymer scattering curve presents an intensity plateau up to 0.10 Å -1 , followed by a decrease in intensity up to 0.20 Å. Such a scattering pattern is usually associated to the Teubner-Strey fit (cf. Eq. 1.16), which describes bicontinuous interconnected structures [20][21][22].

A 2 , C 1 , C 2 and B are constant, I(q) and q are the intensity of the signal and the scattering vector respectively.

I(q) ∝ 1 A 2 + C 1 . q 2 + C 2 . q 4 + B Eq. 1.16 Adapted from Jones and Lodge [23].

The Teubner-Strey fit allows to determine the periodicity d of the sample (cf. Eq. 1.17) -i.e. the channel repeat distance -as well as the system correlation length ξ (cf. Eq. 1.18)-i.e. the distance over which the system remains locally ordered -as presented in Figure 4.9.

d = 2. π. [ 1 2 . ( A 2 C 2 ) 1 2 - 1 4 . C 1 C 2 ] - 1 2
Eq. 1.17

ξ = [ 1 2 . ( A 2 C 2 ) 1 2 + 1 4 . C 1 C 2 ] - 1 2
Eq. 1.18

Based on these two parameters, it is then possible to calculate the amphiphilicity f a and the polydispersity k p . ξ factors, cf. Eq. 1.19 and Eq. 1.20. These two factors allow for the qualification of the order in the system microstructure [24][25][26][27][28].

f a = C 1 √4. C 1 . C 2 = 1 -( 2. π. ξ d ) 2 1 + ( 2. π. ξ d ) 2
Eq. 1.19

k p . ξ = 2. π d . ξ
Eq. 1.20

The amphiphilicity factor ranges from -1 to 1. If f a ≅ -1, the structure is highly ordered and considered as lamellar. The more this factor tends towards 1, the more the system loses a quasi-periodic order. A system is then considered as an isotropic bicontinuous structure if -0.9 < f a < -0.7. When the amphiphilic factor increases and tends towards 0, the structure crosses the Lifshitz line and the resulting structure is then inhomogeneous, alternating between ordered and disordered structures. When the microemulsion is completely disordered, then the factor reaches 1. Above this value, the structure loses its quasi-periodic order and the remaining interfaces become independent of each other.

Similarly, the polydispersity factor k p . ξ qualifies the ordination of the bicontinuous structure: the higher the factor, the more ordered the structure. If k p . ξ < 2, then the bicontinuous structure is qualified as disordered gyroid. As soon as the factor is above 2, the structure can be qualified as ordered gyroid, i.e. as an interplay of organic and aqueous layers separated by a surfactant layer, according to Ezrahi et al (1997) [29].

The parameters extracted from this mathematical modelisation of the experimental data are reported in Table 4.2 below. We can note that the amphiphilic factor is comprised between -0.7 and -0.9, and the polydispersity factor is also above 2. These values indicate that, before the washing step, the gyroid structure is quite ordered and maintains a local order over 3.6 nm, as highlighted by the correlation length value. Finally, we calculated the channel repeat distance to be 6.3 nm, which indicates that the size of the monomer bicontinuous structure size -of initially 4.8 nm -is increased during the polymerisation process. 

Intermediate conclusions:

Because the Teubner-Strey model seems to fit our experimental data well, we conclude that a bicontinuous nanostructure is obtained after the polymerisation under the UV-LED lamp.

However, because the scattering curves of the monomer and polymer systems are different, their microstructures are also different. Therefore, we conclude that the present system undergoes some structural changes during the polymerisation due to the non-polymerisable nature of the Synperonic TM A11 and Tergitol TM 15-S-12 surfactants.

It should be noted that the Teubner-Strey fit accounts for a decrease in intensity with a slope of q -4 after the intensity plateau. In our case, this slope is q -4.18 (R²=0.984) in the range 0.105-0.275 Å -1 . Such a range was chosen to consider the linear decrease of the intensity without being impacted by the convolution of Kapton TM . Having a slope different from q -4 indicates that the polymer interface is not well defined and might be a limitation to the application of the Teubner-Strey fit, which we however considered to be applicable due to the close value of the experimental slope compared to the theoretical value.

After completion of the polymerisation process, these surfactants will not be incorporated into the polymer matrix and will be located into the aqueous channels of the polymer network before being eliminated by successive water washing baths. We will now discuss the impact of the surfactant removal on the porous interconnected polymer network.

Evolution of the microstructure upon removal of non-polymerisable surfactants

In order to determine the impact of the non-polymerisable surfactant removal on the microstructure, we studied the microstructure of a ( 21 We first observe a wide peak due the 0.3-0.5 Å -1 range, which is an artefact of the numerical treatment of the scattering curve. As a reminder, each SAXS curve presented in this work has been obtained by subtracting a buffer solution, in our case water. However, the carrier being a watertight Kapton TM cell, the addition of the hydrated sample in the water reference cell led to an increase of the water content in the sample and thus to a convolution of the Kapton TM peak.

This phenomenon led to an impossibility to perfectly subtract the Kapton TM reference peak to the Kapton TM peak of the polymer in the 0.3-0.5 Å -1 range and thus to an artefact, which does not impact on the information obtained from this scattering curve.

We then observe a loss of signal after water washing and surfactant removal from the polymer and the occurrence of a decay of the scattered intensity in q -2 from 0.0375 to 0.3 Å -1 , cf. Inset Figure 4.10. We therefore conclude that the structuration of the sample observed before washing was caused by the presence of the surfactants in the aqueous channels. As the nanostructuration observed on the polymer containing the surfactants appears undetectable after the non-polymerisable surfactants removal, we can however immediately refute the hypothesis of the structural collapse of the porous channels upon the removal of surfactants due to the cryo-SEM images which indicate the occurrence of nanometric pores. We then hypothesise that the q -2 decay of the intensity to represent the PMMA-PHEMA cross-linked polymer chains constituting the polymer matrix. We can first conclude that the polymer washing of the sample was effective and actively removed the non-polymerisable surfactants from the nanoporous channels. This information confirms the visual observation that when agitating the water used for the polymer washing, foam was formed due to the presence of surfactants. This result also confirms the open-ended porous behaviour of the polymer synthesised. Indeed, the modification of the scattering signal proves that the surfactants were removed from the polymer porosity, and thus that the pores constituting the polymer are effectively open and unclogged. A closed porosity would have prevented the elimination of the surfactants otherwise.

This last conclusion is also consistent with the cryo-SEM and SAXS analyses performed on the polymer before and after the surfactant removal. Indeed, we evidenced in Section 4.2.1.2 that the bicontinuous polymer structure exhibits a periodicity of 6.3 nm in the unwashed system (cf. surfactants. Assuming a homogeneous distribution of the molecules of surfactant in the porous channels, we therefore conclude that the aqueous channel volume appears almost twice wider after the removal of the surfactants. The effective mean diameter of the water channel is then increased from 6.4 nm to 13.4 nm after the removal of the surfactants, which is consistent with the cryo-SEM observations of the pore mean radius (7 ± 4 nm). Plus, we estimated the length of both commercial non-polymerisable surfactants using MolView software to be around 4.5-4.6 nm, cf. Figure 4.11. Assuming the surfactant molecules will expand as much as possible in the aqueous channel, as presented in Figure 4.12, we would expect the effective porous channel diameter to be twice the length of a surfactant molecule (2 × 4.5 = 9 nm) plus the mean pore diameter determined using the Teubner-Strey fit for the polymer before surfactant removal (6.3 nm). The total mean pore diameter would then be around 15.3 nm, which is once again consistent with the observations of the cryo-SEM images. Finally, we note a modification of the slope of the scattered intensity below 0.0375 Å -1 , cf. Inset Figure 4.10. Such a discontinuity occurs for a characteristic distance d = 16.7 nm, which is quite similar to the mean pore size observed using the cryo-SEM technique (14 ± 6 nm). We here suggest that upon the removal of the surfactants, the pores of the organic matrix appear wider in SAXS analysis and their signal is shifted towards the edge of the detection window, thus causing a modification of the slope of the scattered intensity. 

Intermediate conclusions:

All the arguments presented in the previous sections indicate that the monomer system evolves during the polymerisation process, even if we concluded on the achievement of an interconnected nanoporous polymer. Upon washing however, we observe the disappearance of the broad scattering peak associated to the Teubner-Strey fit. We concluded that this "loss" of signal is due to the removal of the surfactant interface in the aqueous channels and the increase of the effective aqueous pore size. We conclude that using non-polymerisable surfactants does not only impact on the maintenance of the monomer structure upon polymerisation, but also on the size of the resulting polymer network. For a similar open porous structure, the use of non-polymerisable surfactants will lead to larger pores than in cases where polymerisable surfactants are used.

We therefore confirmed the open nature of the porosity in the polymer network, which allowed for the washing of the non-polymerisable surfactants molecules. We then estimated that twice of the aqueous channels was constituted of the non-ionic surfactants and that their actual size was twice the value determined before the water washing of the polymer sample, i.e. 13.4 nm.

This result is consistent with the observation cryo-SEM detailed above, where we determined the mean aqueous channel radius of the UV-LED sample to be 7 ± 3 nm. We then conclude that such a pore size range is difficult to completely analyse with the SAXS instrument used as part of this study: only the smallest pore sizes of our sample were determined using the SAXS technique. In order to clearly evidence the bigger porosity of our structure, a USAXS or USANS synchrotron analysis could be considered.

In the previous sub-sections, we focused on the evolution of the UV-LED sample from a monomer to a polymer, and finally to a surfactant-free polymer structure. As we observed quite similar polymer structures when investigating the RedOx, the UV-LED and the UV-TQ150 samples with the cryo-SEM technique, we assume that the conclusions drawn for the UV-LED sample will be similar for the RedOx and UV-TQ150 samples. We however note that because the polymerisation kinetics -and thus the resulting pore size -are different from a polymerisation initiation to another, so will the associated scattering curves. For example, we expect the RedOx sample to exhibit a (more or less defined) broad peak for lower scattering vector values than the UV-LED sample. In essence, the nanoporous interconnected structures we identified in the (21:23:56)62:19:19 system seem to meet the criteria to be an interesting candidate as an ultrafiltration material. For this reason, we will now investigate the potential of these polymer networks for applications in the field of separative membrane filtration.

Membrane performances

In the following sub-sections, we will discuss the theoretical performances -i. The selectivity of the three investigated polymer membranes was estimated using Ferry's law (cf. Eq. 4.2), considering steric retention only. We estimated the retention coefficient of each polymer membrane as a function of the hydrodynamic radius r hydro of the particles retained by the membrane.

R m = (1 -(1 - r hydro r m ) 2 ) 2
Eq. 4.2

For each sample, we considered the membrane radius r m to be the mean pore radius obtained from the statistical analysis of the pore size distribution of the selective area of each polymer sample cf. Table 4.1. 
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We conclude that the selective area of the three polymer samples allows for the retention of nanometric compounds. Once again, we observe a lower selectivity of the UV-TQ150 sample compared to the two other samples, due to its larger pore size. Based of the estimated radius of the pollutants retained by the polymer, we concluded that the UV-TQ150 sample belongs to the high-ultrafiltration (UF) range, while the UV-LED and RedOx samples both belong to the UF range in term of selectivity (MWCO between 500-500,000 Da [31,32] and pore size between 2 propose to calculate the expected permeability for the membranes made of each studied polymer, using Poiseuille's law for pore flow, cf. Eq. 4.5 below. To that end, we will consider the following hypotheses:

 The membrane is isotropic in the cross-section thickness: we will then overlook the structure modification in the vicinity of the material interfaces. The calculated permeability is therefore to be adapted as a function of the interface microstructure.

 The pores are cylindrical, perpendicular to the membrane surface and through-going in the total membrane thickness. In order to account for the tortuosity of the gyroid structure, the ideal Poiseuille's equation will be modified to incorporate a tortuosity factor (cf. Figure 4.14).

 The pore radii of the porous membrane are assumed small compared to the average path length of the fluid 〈λ〉, i.e. 〈λ〉 ≫ r m → h m > 1 -2 µm. The resulting Poiseuille's law allows for the determination of the volumetric flow rate of liquid (Q) in pores. Here, η 20 is the viscosity of the liquid (water) at 20°C, r m is the pore radius, 〈λ〉 the average path length of the fluid and ∆P is the pressure applied on the fluid for it to cross the porous material. The average path length of the fluid into the membrane is related to the membrane thickness h m and tortuosity factor τ using Eq. 4.6 [35]. It should be noted that in the ideal case -i.e. pores considered as cylinders perpendicular to the membrane surface -the tortuosity factor is equal to the unity (τ = 1). Luo et al. (2020) [34] reported a tortuosity factor between 1.06 and 1.35 for gyroid structures, which we will use in our theoretical approach. In order to apply Poiseuille's law, we mentioned that the polymer membrane must be considered as isotropic. However, we evidenced that the UV samples are asymmetric due to the UV-penetration gradient they undergo. We therefore distinguished two extreme cases for the UV-LED and UV-TQ150 samples: the least and the most permeable. The least permeable case will consider the highest tortuosity factor for a gyroid network (τ = 1.35) associated to the selective cross-section domain identified in cryo-SEM images. On the contrary, the most permeable case will consist of the lower factor (τ = 1.06) associated to the porous cross-section domain of the cryo-SEM images. In the case of the isotropic RedOx polymer, the extreme cases consider mean permeability extracted from the cryo-SEM statistical analysis associated to the extreme gyroid tortuosity factors. Such an analysis will give us a realistic permeability range where the experimental value is expected to be found. We note that both the maximum and minimum permeabilities of the UV-LED and the RedOx samples dramatically drop below 25 L.m -2 .h -1 .bar -1 when the membrane thickness is thicker than 10 µm. The UV-TQ150 sample in turn allows for higher permeabilities, which ranges between 46 and 776 L.m -2 .h -1 .bar -1 for a 10 µm-thick membrane. These calculated permeabilities do not account for the structure of the interfaces. Therefore, the higher permeability estimated for the UV-TQ150 polymer compared to the other two samples is not a consequence of the macroporosities found in the UV-TQ150 upper surface. This result is directly linked to the broader pore size distribution associated to bigger pore size of the sample (cf. Section 4.2.1.1) compared to the UV-LED and RedOx samples. Indeed, the pore size distribution and the pore radius are the two most impacting factors in Eq. 4.8 and will cause the increase of the membrane permeability compared to the two other samples investigated. We demonstrate here that the permeability is expected to dramatically drop up to a polymer thickness of 25 µm for all the polymers investigated. This numerical analysis emphasises the need to achieve extremely thin polymer coatings in order to maintain a high permeability. Plus, at first sight it seems that the UV-TQ150 sample exhibits the highest permeability of the three samples. However, such permeabilities were established while considering the UV-samples isotropic, in the least and most permeable cases. In the next paragraphs, we will account for the anisotropic behaviour of the cured polymer samples.

 (21:23:56)62:19:19 asymmetrical cured membranes

We observe that the permeability associated to the so-called selective area of the photopolymerised samples are heavily impacting on the permeability of the overall membrane.

The thickness of this selective area must be controlled during polymerisation in order not to dramatically decrease the permeability. Indeed, asymmetric membranes can be considered as composite samples, which permeability behave as a series resistance, cf. Eq. 4.9. Therefore, if the selective area is predominant in the sample cross-section, the polymer overall permeability will be dictated by the permeability and the thickness of this selective domain. Eq. 4.9

In order to highlight the critical impact of the so-called selective area, we numerically investigated the evolution of the permeability of a (21:23:56)62:19:19 asymmetrical sample of constant thickness as a function of the proportion of the selective thin-film thickness in the cross-section, the remaining of the polymer thickness being considered to be the porous layer.

We then simulated the evolution of the permeability of an overall 10 µm membrane, as presented in Figure 4.16. The results presented evidence that the permeability of the UV-TQ150 sample is divided by 2.5 -from 390 to 151 L.m -2 .h -1 .bar -1 -when the thickness of the selective thin-film is increased from 0 to 2 µm. In turn, the UV-LED sample exhibits a drop of its water permeability from 27 to 1 L.m -2 .h -1 .bar -1 , as soon as a selective thickness of 1 µm is obtained.

We therefore evidenced the crucial need to control the proportion of the selective thin-film in the cross-section of the asymmetric polymer to achieve the highest permeability possible. We also demonstrated that the use of a RedOx polymerisation process might be an interesting alternative to avoid a permeability decrease caused by the anisotropy of the cured samples. Indeed, we presented the calculated permeability of the RedOx sample in Figure 4.16 above for comparison. We notice that the thin-film permeability of this isotropic sample will always be higher than the permeability of the UV-LED polymer regardless of the selective area thickness.

Plus, we discussed the selectivity of each polymer membrane in the previous Section and evidenced that the RedOx sample is the one exhibiting the highest selectivity of the three samples. It therefore seems that the RedOx sample is a good compromise to achieve high permeability and high selectivity. In the last paragraphs, we will discuss the impact of this coating on a commercial microfiltration (MF) membrane. flat-sheet MF membrane. This commercial membrane is 110 ± 10 µm thick and we evidenced its permeability to be 111 ± 18 L.h -1 .m -2 .bar -1 after compacting. Based on the previous paragraphs, we can predict the permeability of a MicroPES TM membrane coated with an increasing coating thickness h m using Eq. 4.9, as presented in Figure 4.17. We considered the mean tortuosity factor in the range of gyroid structures (τ = 1.21). As expected from Eq. 4.9, the coating of a thin (21:23:56)62:19:19 RedOx polymer film lowers the composite MF membrane permeability. Indeed, we observe a decrease of the permeability from 110 to 60 L.m -2 .h -1 .bar -1 when depositing a 1 µm polymer coating. When increasing the coating thickness to 10 µm, the composite permeability then drops to 12 L.m -2 .h -1 .bar -1 . Such an estimation is consistent with the experimental results reported by Galiano et al. (2018) [4]. This research team synthesised a nanostructured polymer thin-film from microemulsion templating and then coated a UF PES membrane (Lp = 350 L.m -2 .h -1 .bar -1 ). They evidenced that a thin-film coating of 4 µm allowed for a permeability of 76 L.m -2 .h -1 .bar -1 , while a 10 µm thick coating decreased the composite permeability below 20 L.m -2 .h -1 .bar -1 .

Intermediate conclusions:

We first estimated the selectivity of the (21:23:56)62:19:19 RedOx, UV-LED and UV-TQ150 polymers, based on Ferry's law and assuming only steric hindrance of the pores. We estimated the MWCO of these three polymer membranes to be about 19.5, 22.3 and 145.4 kDa respectively. We therefore concluded that all three samples belong to the UF selectivity range (MWCO: 500-500,000 Da). However, one must note that the UV-LED and RedOx samples are more selective than the UV-TQ150 sample.

We then predicted the maximum water permeability at 20°C of these three samples based on the cryo-SEM images of each polymer. To that end, we adapted Poiseuille's law for an ideal porous material to a gyroid network. We assumed that all the pores observed on the SEM images are cylindrical, perpendicular to the membrane surface and through-going in the total membrane thickness. To avoid the impact of the interfaces, we only investigated the polymer bulk, which we considered isotropic. Because the photopolymerised samples undergo a UV-penetration gradient and thus a pore size gradient, this last assumption is false. We therefore considered two extreme cases that should frame the experimental value: the least and most permeable isotropic polymer membranes. We then considered the asymmetric membranes as composite membranes made of a selective and porous domain of various thickness.

We evidenced that the anisotropic nature of the sample can be highly detrimental to the permeability if the least porous domain dictates the permeable behaviour of the sample. Our simulation highlighted that a 10 µm asymmetric UV-LED polymer membranes presented a lower permeability than a 10 µm isotropic RedOx sample, regardless of the selective thickness in the overall cross-section. The UV-TQ150 sample exhibits higher permeability than the RedOx sample but also lower selectivity. Therefore, a compromise must be found, and because the highest selectivity is sought, the RedOx sample seems to be a good candidate. However, we also evidenced that such a compromise has a significant and negative impact on on the membrane permeability as we estimated a decrease below 75 L.m -2 .h -1 .bar -1 for a coating thicker than 2 µm. We then investigated the permeability of a composite membrane constituted from the (21:23:56)62:19:19 RedOx coating on a commercial compacted MF membrane. We estimated that depositing a 1 µm coating divided by 1.8 the permeability of the pristine supporting membrane, from 110 to 60 L.m -2 .h -1 .bar -1 . These estimations are however consistent with some experimental results reported by some authors [4].

Overall, our theoretical estimation of the performance of the (21:23:56)62:19:19 polymer membranes highlighted the potential in ultrafiltration of our polymer materials. However, coating thickness as low as a few micrometres has to be achieved in order to reach acceptable permeabilities for separative applications. We evidenced that for a 10 µm sample, a maximum permeability of 13 L.m -2 .h -1 .bar -1 was achieved for an isotropic membrane (i.e. RedOx sample).

Unfortunately, such low coating thicknesses cannot be achieved for flat-sheet membrane modification, using the technologies available in the Laboratoire de Génie Chimique. The We see that the flux increased up to 630 L.m -2 .h -1 for the M112 sample when applying a pressure of 1 bar, while only up to 200 L.m -2 .h -1 for the M82 sample. We note that the water flux does not evolve linearly with pressure, neither in increase nor in decrease of applied pressure. We also observe that the measured flux is similar for the two pressure cycles, indicating no damage and breakage of the sample during the filtration process. In the limited time of this project, we were not able to experimentally determine the cause of the increase in the flux as a function of the applied pressure. However, based on Poiseuille's law (cf. Eq. 4.5) we identified that only the pore size and the effective pore length 〈λ〉 -i.e. the tortuosity over the membrane thickness -are dependent on the material structure. However, when applying compressive or tensile stress, the effective length of the pore will not be impacted, the tortuosity factor compensating the modification of the material thickness. Hence, we estimated that only the modification of the pore size could cause the non-linear behaviour of the flux as a function of the pressure applied on the membrane, cf. Eq. 4.10. The results presented in Table 4.4 depict the evolution of the pore size (Δr m = r m (P) r m (0.2 bar)

) of the two membranes as a function of the increase of pressure. The results presented were obtained by considering the water flux obtained at 0.2 bar as a reference. We note that when increasing the applied pressure to 1 bar, the average pore radius should increase by 51-65% compared to that obtained at a pressure of 0.2 bar. Such a modification corresponds to an increase from ca.

29 nm to 44 -48 nm of the pore radius. In order to confirm the hypothesis of an increase in the pore size, we suggest to trace the retention of a PEO of ca. 500 kDa as a function of the applied pressure. Indeed, based on the estimation of selectivity of the polymer membrane (cf. Section 4.2.2.1) we concluded that such 480 kDa PEO with would be retained at 90% by the membrane.

If the pores are actually dilating when increasing the pressure applied on the membrane, we expect the PEO initially retained for low pressure (e.g. 0.2 bar) to pass through the membrane when increasing the applied pressure. We first hypothesised the occurrence of a large defect in the membrane. Such a membrane with a defect can be represented as a diaphragm. The defect in the membrane would cause a constriction of the preferential flow path, which would widen when exiting the material.

However, such a modification of the water path would induce an evolution of the flow rate as a function of the applied pressure according to the form:

Q = f (ΔP 1 
2 ) and thus J 20 = f (ΔP

2 ) [36].

In our case, we observe an evolution of the type: Q = f(ΔP 2.22 ) and Q = f(ΔP 1 .98 ) for the M112 and M82 membrane respectively. We therefore believe that a defect could not explain the nonlinear evolution of the water flux as function of the applied pressure.

Our second hypothesis consists of the atypical deformation of the polymer network upon compressive stress. This assumption is consistent with the behaviour of the hydrated polymer network when cut in circular shape for the determination of the water flux through the membrane as a function of the applied pressure. Indeed, we observed a modification in the size of the hydrated membrane sample after the circular cutting of the membranes (i.e. compressive stress). The initial diameter of the polymer (4.6 cm) shrank by about 2 mm, resulting in a loss of surface of about 4.35%. We therefore hypothesise an anisotropic behaviour of the sample under external stress. Such a behaviour resembles the one of auxetic structures: when compressed in one direction, it becomes thinner in the perpendicular directions [36], cf. Such a behaviour would be consistent with the experimental determination of the flux. Indeed, when applying a compressive stress (i.e. pressure) on the membrane surface, we can suppose that the pores will undergo a perpendicular thinning, resulting in larger pores as presented in Such materials are characterised by a negative Poisson's ratio, defined in Eq. 4.11. In order to confirm this hypothesis, we suggest to monitor the relative transverse shrinkage and the relative elongation under compressive or tensile stress using a strain measuring device on a uniform cross-section of the sample.

𝜈 = relative transverse shrinkage relative elongation

Eq. 4.11

Intermediate conclusions:

Based on the monitoring of the water flux as a function of the applied pressure, we concluded that the (21:23:56)62:19:19 asymmetric polymer membrane displays an elastic behaviour. This assumption is consistent with the repeatability of the experimental fluxes over the pressure cycles (no defect or breakage of the polymer) and the fact that the experimental flux at 0.2 bar is quite similar to the flux calculated from the pore size distribution at atmospheric pressure.

We therefore believe that applying a pressure up to 1 bar can result in an elastic dilatation of the pore size due to the mechanical properties of the investigated polymer network. Further analyses are required to confirm such assumptions, for example the investigation of the mechanical properties and the determination of Poisson's ratio, as well as the monitoring of the retention as a function of the applied pressure.

As part of this work, we decided to investigate the behaviour of the polymer network when trapped into a porous polymer matrix, in the present case a commercial MF PES membrane. We observed that the monomer solution completely penetrated the supporting membrane prior to polymerisation and that no polymer coating is obtained on the surface of the MicroPES TM . Plus, we see that the (21:23:56)62:19:19 polymer coating mostly polymerised in the small pore size domain of the asymmetric MicroPES TM membrane. We conclude that the monomer liquid penetrated the PES matrix and was subsequently trapped in its small pores due to the occurrence of a low Laplace pressure, i.e. a highly negative Laplace pressure. The phenomenon of capillary penetration of the liquid monomer coating inside the membrane will be further addressed in Chapter 5, Section 5.4.3.2.

The water permeability of the PES composite membrane was then experimentally determined.

As no water flux was obtained up to 2 bar, a preliminary wetting step with a water:isopropanol solution (50:50 vol.%) was carried out for 1 h. The water permeability of the samples was then investigated for various ranges of applied pressure, cf. Table 4. increase and (hollow) decrease of the applied pressure. Color legend in Table 4.5.

We first note, that no hysteresis of the measured fluxes is observed for the four PES- in the range of applied pressure of 0.3 -1.5 and 1.5 -5.9 respectively. In both ranges, we observe a linear evolution of the water flow as a function of the applied pressure, both in increasing and decreasing pressure. We therefore conclude that a non-linear behaviour as a function of the applied pressure may occur similarly to the asymmetric (21:23:56)62:19:19 membrane, but for a higher applied pressure of ca. 1.5 bar.

Intermediate conclusions:

When comparing the asymmetric and composite sample, we suggest that a deformation of the polyacrylate network still occurs when trapped into the PES support. However, as the polyacrylate network is trapped within small pores (5 -10 µm), the cross-sectional area exposed to pressure is smaller than that of the asymmetric membrane. Therefore, for a similar applied pressure, the compressive stress experienced by the polyacrylate network in the MicroPES TM is also lower than in the asymmetric membrane.

This statement is also in good agreement with the previous paragraphs: an increased applied pressure is needed to deform the polyacrylate network compared to the asymmetric membrane. The origin of the assumed atypical mechanical behaviour of the polymer network is however not well understood at the moment and needs to be further investigated.

To our knowledge, no mention of the elasticity of the membrane under water pressure has been reported in the literature. Only Galiano (2012) [5] mentioned an elastic and flexible behaviour of the polymer sample when it is wet, while a brittle and fragile behaviour when it is dried, behaviour that we also observed for the pristine (21:23:56)62:19:19 polymer. In addition, few authors determined the permeability of similar polymer membranes. However, the determination of the water permeability has been performed either on a thin-film composite polymer membrane [4,37] and/or for a single applied pressure [3,5,37], which may explain why no elastic behaviour has been reported.

It should be noted that the impact of alcohols on the PHEMA and PMMA structure (discussed in Appendix 3) is considered not to damage the system because of the cross-linked nature of the polymer network. This assumption is also strengthened by the diluted nature of the alcohol used and the short period of exposure of the cross-linked network to this solution. Another limitation we noted is the ratio Synperonic TM A11 to Tergitol TM 15-S-12 used for the PES- We believe that such a difference does not have a significant impact on the system due to the similar nature of the two surfactants and because commercial surfactants already consist of a mixture of molecules with different chain lengths. However, we strongly recommend the present results to be confirmed in the future.

Finally, we assumed in the last paragraphs, that the microstructure of the polyacrylate structure trapped into the pore of the PES membrane is similar to that of the asymmetric We will now discuss two different non-ionic compositions, formulated using the same non-ionic surfactant mix (i.e. equimassic mix of Synperonic TM A11 and Tergitol TM and an initiator (UV or RedOx) have been added to the (46:8:46) monomers solutions before beginning the polymerisation process. The same three initiation methods will be investigated in the following: RedOx and UV initiations (under a LED or a polychromatic TQ150 lamp). The resulting polymer networks underwent a water washing process, as described in Chapter 2, and subsequently observed using the cryo-SEM technique, cf. For the two investigated monomer compositions, both UV-LED and RedOx initiation methods lead to highly heterogeneous samples, which present an alternation of dense and micrometric porous domains. It should be noted that no nanometric pore was observed in these polymers.

The RedOx and UV-LED samples all present an alternation of dense and micrometric aggregate structure, both on surface and in the bulk. These inhomogeneities are caused by the destabilisation of the system during the polymerisation. Because these inhomogeneities not only occur on the surface but also in the polymer bulk, we conclude that the specific affinities with the substrate interface are not the only difficulty to overcome in order to access a homogeneous structure. The UV-TQ150 samples, in turn, present a highly structured bicontinuous micrometric structure. The (62:19:19) sample is uniform and does not present any dense domain, which is not the case of the (33:33:33) sample, which is heterogeneous in the bulk polymer. Hence, the (46:8:46)66:66:66 UV-TQ150 sample is the only one of these six investigated polymers to display a uniform, micrometric bicontinuous structure, with porous channels of 550-850 nm. Finally, we observe that the UV-TQ150 samples also exhibit a porosity gradient, which is inherent to the photopolymerisation process, as discussed in Section 4.2.1.1. 4.6. We therefore conclude that in this specific case, the faster the polymerisation kinetics, the more homogeneous the structure. We, along other researchers [19], proved in Section 4.2.1.2 that, using non-polymerisable surfactants leads to an evolution of the system microstructure. We therefore remind that the two (46:8:46) systems will evolve during polymerisation, regardless of the initiation method.

Plus, compared to the (21:23:56)62:19:19 previously discussed, the (46:8:46) systems exhibit a high-water to monomers ratio. We assume that such a low monomer content leads to thinner interconnected domains, which will undergo breakage more quickly upon destabilisation of the surfactant interface, leading to a less homogeneous and continuous network. It is therefore critical to form a large number of radicals before the cleavage of the interconnected structure.

Using the TQ150 polychromatic lamp increases the number of radicals created in the system compared to the LED monochromatic lamp. The more the radicals formed before the system evolution, the better the formation of an interconnected structure. Regarding the RedOx sample, we also observed the formation of polymer beads in water when investing the polymerisation process of both (46:8:46) compositions in a test tube. We therefore conclude that a slower polymer conversion leads to the disappearance of a bicontinuous structure. We first note that the pore density on the polymer is narrower and localised on smaller pore radii (25-370 nm) than the porous domain (110-1060 nm). Plus, the porous domain exhibits large pores but a very low pore density compared to the so-called thin-film. These observations are consistent with what is usually observed for composite membranes: the thin-film displays a high pore density narrowed around small sizes, while the porous area shows bigger pore sizes associated to a broad pore size distribution. Considering a lognormal pore radius distribution, which is usual in the case of porous membranes, we determined the mean pore radius of the selective area of the (46:8:46)62:19:19 UV-TQ150 polymer membrane to be 90 ± 91 nm. Similarly to what has been discussed in Section 4.2.1.1 for the (21:23:56)62:19:19 membrane, a lognormal distribution fits well the selective thin-film pore distribution, but not so well the pore distribution in the porous domain. Such a behaviour is attributed to the increase of the channel size throughout the entire membrane thickness: the porous domain being asymmetric, we obtain a large distribution of pore size.

We then estimated the selectivity of this membrane using Ferry's law (cf. Eq. 4. We calculated that in order to have an intrinsic retention coefficient of R m = 0.9, the particles filtrated must have a hydrodynamic radius bigger than 68.4 nm. When considering the retention of PEGs, we estimated the MWCO of this membrane was estimated to be 3,200 kDa. Such a selectivity would allow the membrane to be considered as a low-MF membrane. We also estimated the water permeability at 20°C using Poiseuille's law for a tortuous gyroid structure (cf. Eq. 4.8), assuming the same hypotheses as in Section 4.2.2.2. To that end, we considered the composite membrane permeability as a series resistance, cf. Eq. 4.9. The results obtained as a function of the tortuosity factor are presented in Table 4.7.

The resulting theoretical water of the (46:8:46)62:19:19 polymer membrane was estimated to lay between 44,000 and 59,000 L. m -2 .h -1 .bar -1 . As we determined above the pore radius, we conclude that this membrane would allow the retention of particles with a size about 50-740 nm. We therefore have evidenced the possibility to combine the selectivity of a low MF membrane with a high permeability of a MF membrane [38]. 

Intermediate conclusions:

We evidenced that the (46:8:46)62:19:19 UV-TQ150 polymer membrane allowed for a low-MF selectivity combined to a high permeability, usually obtained for MF membranes. One specificity of the present polyacrylate systems is the cross-linked nature of the polymer network. Such a characteristic is interesting regarding solvent resistance of the membrane.

Indeed, common MF membranes (PSF, PEEK, PVDF, etc.) are sensitive to organic solvents and will dissolve in their contact. Using cross-linked polymer networks allows for better chemical resistance of the membrane [39,40]. The (46:8:46)62:19:19 UV-TQ150 polymer membrane could therefore be of high interest for solvent filtration. However, one of the main drawbacks of such cross-linked materials is their brittle nature [41]. In our case, the (46:8:46)62:19:19 UV-TQ150 polymer membrane was carefully handled to avoid breakage. In order to confirm the potential of this polymer network for solvent filtration, its mechanical resistance and its resistance to common solvent have to be assessed. Moreover, based on the conclusion drawn from the experimental results presented in Section 4.2.2.3 for the (21:23:56)62:19:19 membrane, we can expect a deformation of the polymer network under pressure, which would lead to a higher water permeability but also a lower retention under water pressure. The present simulation therefore needs to be experimentally investigated.

Conclusion

This fourth chapter aimed at the study of the microstructure adopted by several polymer systems upon polymerisation of bicontinuous microemulsified monomer templates. To that end, we investigated three initial monomer self-assembled systems and three polymerisation processes: chemical (RedOx) and photochemical (UV-LED and UV-TQ150). Our investigation addressed the following questions:

 How is the monomer microemulsified structure affected by the polymerisation process: is the nanoscaled microstructure maintained throughout the polymerisation process when using non-polymerisable surfactants? How do the system composition and the polymerisation initiation method impact on the final microstructure of polymer when polymerising a monomer selfassembled system stabilised using a mix of non-ionic and non-polymerisable surfactants?

Using SAXS and cryo-SEM analyses, we concluded that the (21:23:56)62:19:19 polymers display a porous interconnected network. The polymer structure identified is however different from the one of the monomer system. We evidenced that the polymer systems have a larger structure

(5-120 nm) than the monomer system (4.8 nm) regardless of the polymerisation method. Plus, depending on the initiation method applied, we observed a variation of the resulting polymer structure. Indeed, because the polymerisation kinetics vary from an initiation method to another, the mean-curvature of the surfactant interface evolves differently during the polymerisation process, and so does the microstructure. Further work is however needed to fully apprehend the impact of the polymerisation kinetics on the polymer microstructure.

We also noted that the photopolymerisation process leads to an anisotropic polymer structure and to the occurrence of a pore gradient in the membrane thickness caused by the UVpenetration gradient into the polymer bulk. The RedOx initiation method, in turn, leads to an isotropic porous bulk material. Finally, we observed that the interfaces of the samples differ from the polymer bulk. We imputed this phenomenon to the occurrence of a Marangoni flow in our solution, caused by the interaction of the surfactants with the solid interface, combined to the evaporation of the solvent in the case of cured samples. The investigated samples exhibit a rough dense interface in contact with borosilicate glass, but we assume that their structure may vary if polymerised in contact of other substrates. Such a parameter has to be controlled in order to avoid the occurrence of non-porous structures, which will dramatically decrease the polymer water permeability.

We also demonstrated an increase of the nanoscale of the polymer structure after the removal of the non-polymerisable surfactants located in the aqueous porous channels. We can therefore conclude that for equivalent surfactant molecules, a non-polymerisable surfactant will lead to larger pore sizes than its polymerisable analogue.

We then investigated the polymerisation of two other self-assembled monomer compositions: Based on a statistical analysis of the sample pore density using cryo-SEM images, we investigated the selectivity and the water permeability of the four identified samples. We highlighted that the all three (21:23:56)62:19:19 samples (RedOx, UV-LED, UV-TQ150) display a pore size distribution compatible with the retention of nanometric compounds (<250 nm).

Based on Ferry's law, we concluded that these three polymer membranes can be considered as UF membranes, considering steric retention alone.

We however evidenced that the UV-TQ150 sample belongs to the high-UF selectivity range, while the RedOx and UV-LED samples display lower pore sizes and thus a better selectivity.

Using Poiseuille's law and including a tortuosity factor typical of gyroid structures (τ = 1.06 -1.35), we then estimated the theoretical permeability of the three (21:23:56)62:19:19 polymer samples. We therefore evidenced that if the RedOx sample allowed for the smallest pore size, it also displays the highest permeability of the three polymer samples, considering the anisotropic (and thus limiting) nature of the UV-samples. We concluded, based on the numerical analysis carried out using the cryo-SEM cross-section images, that the RedOx initiation method is the most interesting one to access the most selective and most permeable (21:23:56)62:19:19 polymer membranes. We further concluded that, in order to reach the permeability range of UF membranes (50-500 L.m -2 .h -1 .bar -1 ), the polymer coating thickness has to be as low as a few micrometres, which is consistent with some results previously reported [4]. However, technologies for the deposition of coatings with a thickness of a few micrometres on flat-sheet membranes were not available in the Laboratoire de Génie Chimique.

We therefore focused on the synthesis and analysis of 100 µm thick asymmetric and composite PES membranes. In both cases, we observed a non-linear and repeatable evolution of the water flow as a function of the applied pressure up to 1 bar. We therefore hypothesise that the crosslinked acrylate polymer network deforms under pressure. We further hypothesised that this deformation leads to an expansion of the pore size of the polymer membrane. To confirm this assumption, we suggest two further analyses. The first is to confirm -or deny -the anisotropic behaviour of the polymer network by determining the Poisson's ratio of the material, which should be negative in the case of an auxetic material. The second analysis we suggest is to monitor the retention PEOs as a function of the pressure: if the pores effectively expand when increasing the pressure on the system, a drop of retention is expected at some point. If such an expansion of the pore size is confirmed, we do not expect the synthesised system to be of high interest for separative applications. In that case, we however suggest its use for catalytic applications: such an elastic network could trap the active particles during a pressure increasedecrease cycle on the polymer network.

The (46:8:46)62:19:19 UV-TQ150 cross-linked polymer network, in turn, exhibited a high theoretical permeability, typical of MF membranes. Plus, from statistical analysis of cryo-SEM images the membrane pore size was estimated to range between 50-740 nm. We then determined that particles with a hydrodynamic radius higher or equal to 68.4 nm could be retained with a retention coefficient of at least 0.9, which is typical of low-MF membranes. Such dual behaviour is linked to the asymmetric nature of the sample. Indeed, the membrane selective part of the cross-section is really thin compared to the total thickness of the membrane. Hence, this cross-linked polymer allows for the combination of a high selectivity and a high permeability. Due to its cross-linked nature, such a polymer membrane could be of high interest for solvent filtration, provided its mechanical resistance is high enough to withstand pressure.

Overall, we evidenced that the self-assembled acrylate systems stabilised by a mix of the non-ionic non-polymerisable Synperonic TM A11 and Tergitol TM 15-S-12 surfactants can be considered for the manufacture of polymers of various porosity and structure, as a function of the system composition and the polymerisation initiation method applied.
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Chapter 5 -Microemulsion dip-coating on hollow-fibre membrane: an industrial prospect?

Introduction

As stated in Chapter 1, hollow-fibres are of great industrial interest because of their high active surface per unit volume. In order to investigate the industrial application of coating bicontinuous microemulsions on the surface of supporting membranes, we will now discuss the dip coating process of commercial hollow-fibre membranes with microemulsions.

The dip-coating process has been developed for a wide variety of applications such as the production of perovskite solar cells [1], or graphene-based composite [2]. This process is most generally used to deposit a thin-film coating on a plane or cylindrical substrate. The following paragraphs will describe the process of continuous dip-coating of hollow-fibre membranes and its governing equations, depending on various factors such as the properties of the fluid deposited, the substrate -here a fibre -speed and geometrical properties.

We will then perform a numerical simulation aiming to predict the coating behaviour of a microemulsion on the surface of two commercial hollow-fibre membranes, assuming the microemulsions behave as linear simple fluids. We will focus on the impact of the reservoir radius on the dynamic meniscus shape and the resulting deposition regimes. Finally, based on the presented results we will discuss the industrial prospects of microemulsion dip-coating on hollow-fibres for the manufacturing of composite hollow-fibre membranes.

This chapter will answer the following questions:

 To what extent does the width of the tank impact a linear liquid deposit?  Assuming the microemulsion behaves as a linear simple fluid, is the fibre coating a viable industrial solution for composite membranes manufacturing?  What are the prospects for the microemulsion deposition on hollow-fibre membranes?

Description of the dip-coating process for hollow-fibre membranes

There is a wide variety of processes used for the surface modification of hollow-fibres such as Initiated Chemical Vapor Deposition (iCVD) [3], interfacial polymerisation [3], [4] or spraycoating [5]. In our work we focus on the dip-coating process, a technology that allows the deposition of uniform liquid thin-film on a substrate. This process is of high interest due to its low costs compared to other processes and is widely used in strategic industrial sectors such as lubrication and fibre optics [6].

Over the last decades our lab has also made some significant contributions to the development of dip-coated hollow-fibre membranes [7]- [9]. The dip-coating process is adapted to an industrial use for the continuous deposition of liquids on cylindrical substrates. The liquid properties (viscosity, density, surface tension, and composition/concentration) as well as the fibre geometry and the fibre speed can be tuned to reach an aimed coating thickness.

The fibre dip-coating entails the motion of the cylindrical substrate through a coil and then through a liquid solution bath. This solution is drawn by the fibre and forms a thin liquid layer on the surface of the fibre. The set-up used in the LGC allows either for a UV-polymerisation [7] or a drying step when using the lamps as ovens [8], [9] as presented in the Figure 5 Upon removal of the fibre from the liquid solution, a meniscus is formed and 3 domains can be identified, as presented in Figure 5.2. The first region consists of the static meniscus and is located immediately in contact with the liquid bath, where surface tension effects dominate.

The second region consists of the dynamic meniscus, where the film is starting to be drawn by the fibre. The meniscus thickness h(x) is driven by the forces applied on the liquid and governs the final film thickness deposited onto the substrate. These forces are dependent on the liquid properties, on the geometry and speed of the substrate -which will impact on the viscous and inertia forces. The last region consists of the final and flat deposited film, which thickness is constant as only the viscous and gravitational forces are exerted on the deposited liquid. 

Models of fluid deposition on fibres

Several models have been developed over the last decades in order to describe and predict the behaviour of the liquid when being coated using a dip-coating process. Two geometries have been studied for the substrate: a plane and a cylindrical geometry. Our following work focuses only on the state of art of cylindrical substrates. If the experimental behaviour of viscous linear Newtonians fluids meets the theoretical models, the non-linear fluids are more complex and their behaviour might vary greatly from those predictive models.

Newtonians fluids coating

Dip-coating of linear Newtonians fluids has been widely studied in the literature. As detailed in the previous section, the coated film thickness is determined by the forces applied on its dynamic meniscus. Thus, the physico-chemical properties of the coated liquid, the geometry of the fibre and its speed -which will impact on the inertia and viscous forces -are to be considered.

The laws describing the behaviour of the coating are governed by three dimensionless numbers which compare the forces applied on the fluid. The capillary number Ca compares the viscous forces to the capillary ones, the Weber number We compares inertia to capillary forces and the Bond number Bo the gravity to capillary forces, cf. Eq. 5.1 to Eq. 5.3.

Ca = v fibre . η γ

Eq. 5.1

We = v fibre 2 . ρ. r fibre γ Eq. 5.2

Bo = r fibre 2 . ρ. g γ = ( r fibre l c ) 2 Eq. 5.3
Where γ, η and ρ are respectively the surface tension, the viscosity and the density of the coated liquid; vfibre and rfibre the wiring speed and the fibre outer radius, g the acceleration of gravity and l c the capillary length of the deposited liquid.

The homogeneity and the thickness h 0 of the deposited coating are governed by these three adimentional numbers and are essential for the numerical prediction of the coating behaviour.

To that end, predictive laws were developed based on Landau [6], Levich [10] and Derjaguin [11] models, as presented in Table 5.1.

Table 5.1 -Dip-coating deposition regimes as a function of the liquid properties [9]- [11].

Regime description Conditions Predictive thickness equation

Visco-capillary  Ca, We << 1

 h 0 ≪ l c
Gravity neglected h 0 LLD = 1,34. l c . Ca It should be noted that the equations presented in Table 5.1 are valid only if the Eq. 5.9 and Eq. 5.10 are satisfied. In practice, these two equations indicate that the fibre outer radius must be strictly lower to the capillary length l c (Eq. 5.9) and that the inertia is negligible compared to the capillary forces (Eq. 5.10). If the last condition is satisfied 5 regimes are expected, otherwise only three, as detailed in Figure 5.3.

Bo = ( r fibre l c ) 2 ≪ 1 Eq. 5.9 η ≪ √γ. ρ. r fibre Eq. 5.10

l c = √ γ ρ. g
Eq. 5.11

The capillary length l c is a length scaling factor that compares gravity to the surface tension forces, cf. Eq. 5.11. This parameter is one of the key factors impacting on the behaviour of the liquid meniscus and the different regimes described above. In order to reach a homogeneous uniform liquid coating, the divergence and expulsion droplets domains are to be avoided. Copyright 2013 American Chemical Society.

The five regimes described in Table 5.1 highlight the evolution of the forces exerted on the dynamic meniscus as it grows due to the increase in fibre velocity. Initially for thin meniscus thicknesses it is possible to neglect the impact of gravity on the meniscus -for visco-capillary and visco-inertial domains -which latter has to be considered when the meniscus thickensfor saturation, initial divergence, viscous boundary and expulsion droplets domains. The viscous boundary domain appears when the dynamic meniscus thickens and is still thicker than the deposited coating. When there is no more capillary recall (We ≫ 1), only the layer of liquid that the solid has been able to set in motion leaves with the fibre. Finally, the expulsion droplet regime occurs when the meniscus at the reservoir exit gives way and drops are regularly expelled, leading to heterogeneous coatings.

Surfactant solutions

In presence of surfactants, the LLD law previously described undergoes some deviations, as reviewed by Rio et al. (2017) [6]. Such a modification of the LLD is caused by the incorporation of additional terms in the no-stress boundary condition at the air liquid-air interface, cf. Eq. 5.14. Where uz is the vertical speed field, x the horizontal direction perpendicular to the fibre, h(z) the interface profile, µ* the surface viscosity, E and G the dilatational and shear elasticities.

Eq. 5.14

The solid surface elasticity depends on both the dilatational and shear surface elasticities.

Such a stress is reported for complex objects (e.g. polymers) at the interface. The Gibbs-Marangoni stress for its part occurs due to a surface tension gradient in the surfactant solution, caused for example by surface diffusion, exchanges between the surface and the bulk or temperature gradient leading to evaporation. Soluble and insoluble surfactants have to be distinguished because an additional term is to be considered for the determination of the surface concentration of active objects, which incorporates the flow of soluble surfactants between the bath volume and its interface with the air. Experimentally, both types of surfactant follow the LLD law, within a thickness factor α, ranging between 1 a 4 Finally, surface viscosity stress can be caused by exchanges between the surface and the volume or because of molecular friction. The viscosity of the film drawn varies from that of the liquid bath, as described by Boussinesq number Bqs, d Bqs being a characteristic length of the system. This stress is usually negligible compared to the Gibbs-Marangoni stress, but may become significant for high surfactant concentrations. The contribution of each of these additional stresses on the modification of the LLD is reported in Table 5.2.

Table 5.2 -Summary table of interface conditions and their impact on the thickness of a coating on a fibre [6], [10].

Description Conditions Predicted thickness

Linear fluids • η. = 0 See Table 5.1

Rigid limit

• η. Que re and de Ryck (1998) [10], [11] reported that solutions with a low surfactant concentration (C ST < 0.1CMC) followed the classic LLD law, because the surface active molecules were too few to significantly impact on the overall volume of the solution. When the surfactant concentration is increased above 0.1CMC, an increasing thickening factor α is observed. This factor increases with the surfactant concentration until it becomes constant. The authors indicated that further increasing the surfactant concentration (C ST ~37.5CMC) of the liquid bath led back to about the predicted LLD thickness (𝛼 → 1), as surfactant molecules are sufficiently numerous to avoid a concentration gradient during fibre coating.

Colloidal suspensions

Colosqui et al. ( 2013) [13] developed a numerical and analytical model that proved that the fibre winding determines the thickness of a colloidal coating, as well as its dependence of the particle entrainment in the coating. As a matter of fact, they evidenced that the colloidal particle can be drawn into the liquid coating only if the thickness of the film is greater than the diameter of the suspended particle.

Gans et al. (2018) [13] subsequently proved experimentally the existence of different coating regimes on a flat substrate as a function of the fibre velocity -usually described by the capillary number Ca -and the number and size of the colloidal particles, cf.  The colloidal solution does not undergo any evaporation and is of neutral buoyancy to consider the density of the solution identical to the one of both the continuous and dispersed phases.

 The coating is strictly thinner than the substrate width. (2019) [13].

The first observed regime (yellow -left) consists of a homogeneous and uniform deposition of the interstitial liquid only, for low fibre speed ranges. Indeed, the thickness of the coating is not sufficient to allow the suspended particles to exit the meniscus, as predicted by Colosqui et al.

(2013) [13]. This behaviour is observed up to a critical capillary number where the viscous force applied to the particle clusters neutralises the capillary forces constraining the particles in the bath, cf. Eq. 5.17.

Ca < 0.6Bo 3 4

Eq. 5.17

The second regime (blue -middle) is a deposition on the substrate of the interstitial liquid containing heterogeneous particle clusters. The number of clusters increases with the substrate withdrawal speed. The transition with the third regime (red -right) occurs for a second capillary number threshold (cf. Eq. 5.18), which considers the viscosity of the whole suspension and no longer the interstitial liquid alone according to the Zarraga model, cf. Eq. 5.19. The colloidal suspension is then fully and homogeneously dragged into the coating. Its thicknesses experimentally follow the Landau-Levich-Derjaguin (LLD) equations described in Eq. 5.4 for pure liquids. It should be noted that, for dense suspensions, the second capillary threshold usually is experimentally higher than theoretically predicted, due to the ability of particles to deform the interface in the meniscus when the volume fraction of the suspension is large.

Ca ϕ > 3.1Bo 5.17 and Eq. 5.18 is slightly different than defined in Eq. 5.3. Indeed, fibre radius was replaced by the particle radius in the equation, to incorporate the condition that the liquid film must be thicker than the particle radius to be drawn into the film, cf. Eq. 5.20.

Bo = √ d colloid 2l c

Eq. 5.20

Additional work have been carried out on the evaporation of interstitial fluid from the dynamic meniscus when coating colloidal suspensions [14], [15], [16]. This evaporation from colloidal suspensions may lead to some further variations from the classic LLD presented in Table 5.1.

Berteloot et al. ( 2013) [14] evidenced two regimes: a low-speed regime has been evidenced

where an evaporation at the solid-liquid contact line takes place, leading to a thinner coating than predicted by the LLD. The second regime of higher speeds allows to find the values foreseen by the LLD. It should be noted that the particle diffusion was not considered in this work as the minimum particle diffusion distance (ca. 250 nm) was strictly higher than the film thickness, the colloid dimensions and the capillary length l c considered in their work.

Berteloot et al. ( 2013) [14] suggested the equations Eq. 5.21 and Eq. 5.22 to describe the thickness of a coating subject to evaporation of its interstitial liquid, depending on the speed regimes. For higher velocities the LLD equation is modified in order to include the influence of concentration effects of colloid particles during film deposition.

h LV ∝ ϕ colloid ϕ c . J 0 2 4. θ s . v substrate 2
Eq. 5.21

h HV ∝ ϕ 0 ϕ c . J 0 √ x ∞ . . x ∞ v substrate
Eq. 5.22 ϕ colloid , ϕ c and ϕ 0 are respectively the colloid at the stagnation surface, in the deposited film and in the liquid bath, J 0 the evaporative flux, θ s the static meniscus angle and x ∞ ~2. l c its size.

Emulsions

As a reminder an emulsion is an amphiphilic colloidal system formed by two immiscible phases -aqueous and organic -randomly dispersed in suspension. Such a mixture is thermodynamically unstable and is supplemented by a surfactant which stabilises the two antagonistic phases and slows down their separation kinetics.

To our knowledge the dip-coating of emulsions on a fibre has only been studied by Quéré and De Ryck [10], [11]. These authors hypothesise two phenomena may occur when coating a cylindrical substrate with an emulsion by dip-coating, as presented in Figure 5.5. The coating

Simulation of hollow fibre coating -applications to microemulsions on MF-PES (MicroPES TM ) and UF-PS (Zeeweed TM ) hollow-fibres

The previous state of art regarding fibre coating is, in our work, adapted to the simulation of a microemulsion. The important properties of the microemulsion to be considered in the numerical simulation are described in Table 5.3. The MicroPES TM is a microfiltration polyethersulfone (PES) membrane, while the Zeeweed TM is an ultrafiltration hydrophilic polyvinylidene fluoride (PVDF) membrane. These two membranes were chosen to compare the coating behaviour based on the initial porosity of the substrate, but also due to their composition. Indeed, on the one hand PES allows for a photografting which is of high interest to create a permanent and strong coating on the substrate surface. On the other hand, PVDF is one of the most used polymers for the synthesis of membranes for water treatment and is of high interest in the scope of our study [17].

Operating conditions for the control of the deposited coating

The following sections will describe the critical conditions to be considered when dip-coating a fibre with a microemulsion in order to obtain a homogeneous controlled thin-film. A particular attention will be given to the modification of the well-known equations described in the state of art in order to be applied to our simulation. to precisely define the laws governing our system, the Bond number must be compared to the unity on one hand (Eq. 5.9), while the viscosity of the coating must be compared to the square root of the fibre radius multiplied by the surface tension and density of the coated liquid on the other hand (Eq. 5.10) . The results presented in Table 5.5 indicate that for both fibres our system exhibits a Bond number lower than the unity and a viscosity lower than the square-root of the fibre radius multiplied by the surface tension and density of the coated microemulsion.

Therefore, five different coating behaviours will be encountered when increasing the fibre speed, cf. In order to reach the visco-capillary and the visco-inertial regimes, the capillary and Weber numbers must both be strictly lower than unity. For our simulation, we will consider the visco-capillary and visco-inertial governing equation (cf. Eq. 5.5) to be valid as long as the capillary and Weber numbers are below 0.9, to avoid any disruption due to the inertial divergence regime appearing when approaching We~1. Using the physico-chemical parameters of the microemulsion listed in Table 5.3, the maximum fibre speed to remain in the visco-capillary domain (We < 0.9) has been established to 19.8 m.min -1 .

To our knowledge, no work has been carried out to the dip-coating of microemulsions: only a few theoretical researches have been performed on the study of emulsions by Quéré, as presented before. Therefore, to predict the behaviour of our coating, some assumptions have to be made to apply the models presented in the previous sections.

Our main assumption is that this fibre speed limitations for emulsions, detailed in Eq. 5.17 and in Eq. 5.18, do not apply to microemulsions, and more specifically to bicontinuous microemulsions. Indeed, all the phenomena and models describing the colloidal and emulsified systems include the size of the suspension as a critical factor for the homogeneity of the system.

The reason is that those systems involve the entrainment of micrometric objects in a micrometric thin-film. If the coating is thinner than the suspension size, a segregation is observed for both cases. The dip-coating of emulsions also proved -for a concentrated enough system -a modification of the composition as a function of the fibre velocity, probably resulting from a shearing of the droplets in the liquid meniscus. Because microemulsions are of nanometric size, we hypothesise that the previous behaviour regarding the thickness and the composition will not occur due to the small size of the dispersed objects compared to the coating. For this reason, we will therefore consider the microemulsions to follow the laws described in Table 5.1 for simple and linear liquids. Finally, because the Synperonic TM A11 (CMC = 72 ppm) and the Tergitol TM 15-S-12 (CMC = 104 ppm) each represents 10.64 wt.% of the system composition, we do not expect a thickening factor to impact on the laws described in Table 5.1, their quantity being too important (cf. Section 5.3.2.1).

System resolution for the determination of the deposited thickness

Based on Eq. 5.5 and on the definition of the capillary and Weber numbers (cf. Eq. 5.1 and Eq. 5.

2) a second order equation is obtained. Using the system in Eq. 5.24 to Eq. 5.26, the deposited thickness can be calculated as a function of the fibre velocity and the liquid reservoir radius.

A. v fibre 2 + B. v fibre Eq. 5.26

The importance of the reservoir radius is linked to the achievable height and width of the meniscus formed during the passing of the fibre. This radius is the limiting factor to the growth of the meniscus when increasing the fibre speed. For this reason, in the present document we will refer to the wall distance between the outer surface of the fibre to the tank wall as the reservoir radius. The effective tank radius to be considered when designing the installation will have to include the external diameter of the hollow-fibre to accommodate the present numerical simulation. When the liquid reservoir is increased, the meniscus grows and so does the deposited thickness [11]. We however do not expect the meniscus to increase indefinitely with the reservoir radius. We will therefore consider that once the maximum meniscus height is achieved, so is its maximum width. Above an upper reservoir radius boundary, a maximum r reservoir will be reached in Eq. 5.25. Tang and Cheng [18] determined this upper bound to be r reservoir ≈ 1.85l c . For the investigated microemulsion coating, the upper boundary was estimated to 3.3 mm.

Our work focuses on the determination of the microemulsion thickness deposited on the MicroPES TM and Zeeweed TM hollow-fibres. The specificity of our work lies in the parameters considered in order to carry out our simulations : if most of the work presented in the literature focus on the fibre speed none presented the reservoir radius impact, even though its impact has been proved by Quéré et al. [9], [11]. We therefore propose to study both the fibre speed and the reservoir radius for the determination of the coating thickness for the operating conditions determined previously namely a fibre speed range of [0-19.8] m.min -1 and a reservoir radius (excluding the fibre radius) from 0.1 to 3.3 mm, as detailed in section 5.4.1.1.

Based on the equations Eq. 5.24 to Eq. 5.26 and to the physico-chemical and geometrical parameters presented in Table 5.3 and Table 5.4, the thickness of the coating has been simulated and is presented in Figure 5.6. These graphs highlight the huge impact of the reservoir radius, even though this factor is usually overlooked in simulations. Decreasing the reservoir radius below the capillary length -and thus the meniscus width -leads to the apparition of a divergence and saturation regimes, which are independent of the fibre speed (cf. Eq. 5.6). This reservoir radius will impact the deposited thickness up to a value of 1.85l c -in our case 3.3 mm -as the meniscus will increase with the tank radius. Above such a value, the meniscus will not thicken anymore and the tank radius considered in the calculation will cap at 1.85l c , no matter the actual tank radius. For these reasons we performed our numerical simulation in the visco-inertial domain: We, Ca < 0.9 ↔ v ∈ [0; 19.8] m. min -1 and r reservoir ϵ [0.1; 3.3] mm. For these operating conditions, the coating thickness on the MicroPES TM and Zeeweed TM fibres varies respectively from 5 to 72 µm and from 58 to 164 µm, as a function of the fibre speed and of the reservoir radius. In order to reach the lowest thicknesses, we must work with the smallest fibre and reservoir radii. It therefore seems more challenging to coat thin-films (h 0 < 50 µm) on thicker supporting fibres. In our case, to achieve such thicknesses, we have to operate with a fibre speed of less than 2.6 m.min -1 , whereas fibre speeds up to 13.4 m.min -1 can be used with the MicroPES TM fibre.

Intermediate conclusions:

We evidenced that in fact, two factors delimit the visco-capillary and visco-inertial regimes from the divergence and saturation regimes: the meniscus radius -which can be impacted by the reservoir radius up to a certain radius -and the Weber number -which compares the impact of the inertia compared to the capillarity forces. Both factors should be considered when predicting the deposited coating thickness on the surface of a fibre. If the Weber number will always be impacting and will vary with the fibre speed, it is not the case for the reservoir radius.

This factor will impact up to a value of 1.85l c -in our case 3.3 mm -until the meniscus does not thicken with the tank radius anymore. Our numerical simulation focused on the visco-inertial domain and we identified an operating fibre speed and reservoir radius range: We, Ca < 0.9 ↔ v ∈ [0; 19.8] m. min -1 and r reservoir ϵ [0.1; 3.3] mm. These fibre speeds are however not optimal for industrial application. In order to be able to work at higher speeds while maintaining a homogeneous, controlled coating of low thickness, one might consider working in the viscous boundary regime where the coating thickness is only dependent on the reservoir liquid height and the fibre speed. This regime was not simulated in this work as the constant α in Eq. 5.8 is to be determined experimentally, but could not be performed during this thesis.

Photopolymerisation of the monomer microemulsified coating

After being coated on the fibre, the monomer solution undergoes UV-irradiation in order to initiate the polymerisation and to give rise to a solid coating. The coating module consists of two UVA-PRINT LE lamps (Hoenle -Germany) arranged at 90° to each other to ensure an even distribution of the UV radiation. Indeed, the elliptical mirrors in the lamp surrounding the fibre possess a "dead zone" where only 70% of the emitted intensity is actually perceived, near the module door and the aperture shutter. This occurrence of such a zone prevents an equivalent UV coverage around the entire circumference of the hollow-fibre.

In order to estimate the photopolymerisation process duration in our dip-coating module, we investigated the behaviour of a 100 µm-thick flat film irradiated by a similar polychromatic UV TQ150 lamp (Hoenle -Germany). The UV-spectra of both polychromatic lamps is presented in Appendix 2.

 Photopolymerisation of the model microemulsified system under the TQ150 lamp First, the UV doses received by the monomer system -4 cm from the lamp -depending on the exposure time under the TQ150 lamp has been determined using 3 UV sensors (Hoenle -Germany): UVA, UVB and UVC. We evidenced that, for all UV types, the lamp first undergoes a warm-up period of 100 ± 25 s -during which only IR radiations are emitted -and then releases a constant UV intensity. The following equations Eq. 5.27 and Eq. 5.28 depict the measured UV doses q received by the sensors depending on the exposition time ∆t UV , including the warm-up period. It should be noted that based on the UV-spectrum of the microemulsion, the solution does not absorb the UV radiations above 310 nm and 390 nm, respectively without and with the photoinitiator, cf. Appendix 3. Therefore, we conclude that the UVA do not participate in the formation of radicals and thus will be overlooked for the remaining study.

q UVB TQ = 35,48. ∆t UV -2567,63 Eq. 5.27

q UVC TQ = 19,50. ∆t UV -1606,18 Eq. 5.28

We then simulated the irradiation of the liquid coating deposited on the fibre using the UVA-Print LE by irradiating a 100 µm-thick flat film located 4 cm away from the TQ150 lamp. It is important to note that varying the film thickness will most probably impact on the polymerisation duration. Indeed, the UV radiations will penetrate more into the depth of the film, as indicated by the Beer-Lambert equation Eq. 5.29. A thinner film may allow for a quicker initiation of the most distant radicals from the lamp, and vice versa for thicker films. Due to technical limitations, we only tested the 100 µm thickness. Because thin-film are wanted for membrane coating, we considered the 100 µm-thin film polymerisation duration to be the longest possible: the worst polymerisation conversion.

Absorbance = ε[C]l cuve = ε ′ l cuve Eq. 5.29
The conversion of this 100 µm-thin polymer for different polymerisation duration was studied using an ATR-IRTF analysis. The conversion of the acrylate monomer was achieved by monitoring the decrease of the -C=C-peak at 817 cm -1 , cf. We observe no further decrease of this peak after 2 minutes of exposure under the TQ150 polychromatic lamp and thus concluded that the polymer film is completely polymerised for a UV-exposure of 2 min under the TQ150 UV lamp (including the lamp warm-up period).

 Extrapolation to the photopolymerisation on fibres using the coating module

The UVA-PRINT LE irradiance I UV (W.m -2 ) as a function of the lamp power percentage P(%) has been determined by our research team beforehand [7], cf. Eq. 5.30 and Eq. 5.31. The Eq. 5.32 allows us to determine the doses q UV (J.m -2 ) received by the sample depending on the irradiation time ∆t (s). The UVA-PRINT LE lamp power can be varied from 60 to 110% on the laboratory module. For each lamp power, we considered the full conversion of the microemulsion reached when both ∆t UV LE where achieved. To determine the full conversion duration for each lamp power in Figure 5.8, we therefore decided to consider the longest duration, i.e. ∆t UVB LE in Eq. 5.33.

Intermediate conclusions:

This sub-section allowed us to simulate the maximum polymerisation time achievable when coating hollow-fibre with the laboratory module. It should be noted that this duration is an estimated maximum value for a 100 µm-thick flat coating. When dip-coating the fibres, this full conversion time might be even shorter, due to the decrease of the deposit thickness allowing a better UV penetration through the monomer liquid.

To avoid a fibre melting while ensuring a short polymerisation process, we decided to consider a lamp power of 80% for the remainder of this numerical simulation. The following simulation will be carried out for a lamp power of 80%, for which the maximum time required for the total polymerisation of the 100 µm-thick microemulsion has been estimated to be 1.1 s.

Coating perturbation after deposition on the fibre

Once the fibre out of the liquid bath, the deposited coating may undergo different destabilisation phenomena before its polymerisation, such as dewetting or liquid penetration in the fibre pores. To experimentally ensure the continuity and the homogeneity of the coating, these phenomena domains will be identified beforehand, for various fibre speeds and various reservoir radii. For this project, we decided to set the liquid bath right below the lamp so that the polymerisation would take place right after the fibre coating. This choice was made in order to limit the occurrence of instabilities as much as possible, as detailed in the next sub-sections.

Plateau-Rayleigh instability

The Plateau-Rayleigh instability, due to the fibre geometry, is one of the main problems resulting in the coating heterogeneity after the fibre coating. Under the effect of the surface tension at the air-liquid interface, the film surface will create some undulations in order to decrease its surface energy. This will lead to a breakdown of the uniform into a succession of droplets forming fluid droplets on the fibre, as presented in Figure 5.9 [9], [10], [19]. The upper boundary of the Plateau-Rayleigh instability domain can be determined so as to avoid the coating dewetting (cf. Eq. 5.35) while remaining in the visco-capillary domain. For a cylindrical fibre, the instability appears as soon as the distance between the droplets is higher than the coating perimeter on the fibre. Hence, the deposition of a minimum coating thickness h 0 * (cf. Eq. 5.25) will prevent the Plateau-Rayleigh instability. We highlighted that our microemulsion coatings are subjected to the occurrence of Plateau-Rayleigh instability, due to their low thickness, across the whole range of operating conditions considered. This instability will occur after the coating has been deposited on the fibre for a characteristic duration τ PR , cf. Eq. 5.36. In order to obtain thin and homogeneous films, the occurrence of the Plateau-Rayleigh instability has to be dynamically avoided and the coating must therefore solidify before the instability development.

τ PR = 12. η. r fibre 4 γ. h 0 3 Eq. 5.36

Based on the coating thickness determined for each fibre velocity and reservoir radius, using the equation system Eq. 5.24 to Eq. 5.26, it is possible to determine the characteristic time related to the occurrence of the Plateau-Rayleigh instability of each fibre speed and reservoir radius. If the thin film deposited on the surface of the fibre is able to polymerise before reaching this critical time τ PR , then the Plateau-Rayleigh instability can be avoided. As a reminder, the full conversion of a 100 µm-thick coating has been estimated to 1.1 s at 80% in section 5.4.2.

In order to maintain a homogeneous coating, the duration for the instability development τ PR must always remain longer than the coating polymerisation duration, which is 1.1s in our case.

Based on Eq. 5.36, we then determined the maximum coating thickness h 0 to be deposited on the fibre, so that the characteristic duration τ PR will always remain lower to 1.1s, for both fibres.

Coatings thinner than 22 µm on the MicroPES TM and 102 µm on the Zeeweed TM will exhibit an instability development longer than 1.1s and will therefore not undergo Plateau-Rayleigh instability.

It is then possible to determine the general operating conditions allowing to avoid the Plateau-Rayleigh instability domain before achieving a full system polymerisation in 1.1s. To that end, we combined the critical thicknesses determined right above for both fibres to the Eq. 5.24 to Eq. 5.26 that govern the thickness of the liquid coating on the fibre as a function of the speed and radius of the fibre. Figure 5.10 presents the minimum fibre speed as a function of the reservoir radius to be considered to avoid the Plateau-Rayleigh instability on both MF and UF fibres. Plus, it is important to note that working with a reservoir radius below the critical value 1.85lc causes the meniscus to be unable to form completely. This results in a quicker occurrence of the saturation regime, and thus limit the operating range. Indeed, we stressed that the saturation regime does not allow for an exact prediction of the deposited thickness. In order to perform fibre coating with such low tank radii ranges, preliminary tests are needed to ensure a homogenous liquid coating, as well as the avoidance of the Plateau-Rayleigh instability.

Intermediate conclusions:

 Occurrence of Plateau-Rayleigh instability

In order to avoid the occurrence of Plateau-Rayleigh instability, a minimum coating thickness must be deposited on the fibre. We therefore estimated that the deposited coating must be thicker than 22 and 102 µm on the MicroPES TM and the Zeeweed TM hollow-fibres respectively.

These thicknesses are quite thick to consider the deposited coating as a thin-film. To reach thinner thicknesses, Plateau-Rayleigh instability will need to be prevented by gelling the liner before its characteristic development time τ PR .

 Preventing Plateau-Rayleigh instability by photopolymerisation

In order to maintain a homogeneous coating, it is possible to polymerise the microemulsion, before the occurrence of Plateau-Rayleigh instability. In Section 5.4.2, we determined that the microemulsified coating will be fully polymerised in 1.1 s maximum for a lamp power of 80%.

The deposited liquid must therefore remain stable at least 1.1 s after being deposited on the fibre, in order to achieve a fully solid homogeneous coating.

We then investigated the operating conditions allowing to avoid the Plateau-Rayleigh instability and concluded that using a reservoir radius too restricted -i.e. 0.5 and 2.0 mm, for the MicroPES TM and the Zeeweed TM fibres respectively -leads to the occurrence of the instability for the entire fibre velocity range considered, i.e. [0.1;19.8]. In Figure 5.12, we demonstrated that above these critical reservoir radii, a minimum fibre speed of 4.8 m.min -1 and 7.0 m.min -1 is needed to avoid this instability for the MicroPESTM and the ZeeweedTM fibres respectively. Such fibre speeds lead to coating thicknesses of about 24 and 98 μm, respectively. If a deposited coating of 24 μm can be interesting, a 98 μm film will highly impact on the composite membrane permeability and limit its industrial interest, as discussed in Section 5.4.4.

It should be noted it is possible to work with higher fibre velocities to reach the viscous boundary regime, but the same investigation would have to be performed in order to avoid the occurrence of Plateau-Rayleigh instability. Plus, the dynamic evolution of the viscosity during polymerisation may decrease the minimum fibre speed calculated above, allowing for thinner coated films.

Coating dynamic instability

Two dynamic instabilities will be investigated in the following sub-sections: coating penetration into the pores and dewetting. Both phenomena are related to the affinity of the deposited liquid and the substrate, quantified by the solid-liquid contact angle. The results presented in Figure 5.13, present the evolution of the contact angle between the solutions and the substrates investigated. We reported the initial contact angle -300 ms after its deposition -and at equilibrium. To ensure the equilibrium for all the tested cases, we determined the contact angle after 30 s. [22] reported that, for hydrophobic solid substrates, surfactant molecules are being displaced from the liquid-vapour to the liquid-solid interface, thus modifying the thermodynamic equilibrium of the system. The liquid-vapour interface being depleted from surfactant molecules, a diffusion flux occurs from the solution bulk to supply new surfactant molecules and to regain thermodynamic balance.

Hence, the surface tension γ LV between the microemulsion and the atmosphere is a timedependent characteristic. Thus, the contact angle θ between the microemulsion and the solid substrate can be expressed as described in Eq. 5.37 and Eq. 5.38, where h 0 is the coating thickness, D is the diffusion coefficient of the surfactant and t the time needed for the surfactant to diffusion through the whole coating thickness.

cosθ = γ SV -γ SL γ LV (t)
Eq. 5.37 γ LV (t) = γ LV eq + (γ LV 0 -γ LV eq ) exp (-tD h 0 2 ) Eq. 5.38

Intermediate conclusions:

We evidenced that the contact angle of a microemulsion on various substrates can evolve as a function of the time. Such an evolution of the contact angle has to be considered for the dipcoating process in order to predict and control the dip-coating process of monomer microemulsion on polymer fibres. Indeed, the destabilisation phenomena of the liquid coating on the fibre are highly dependent on the contact angle between the solution coated and the solid substrates. We will then discuss two phenomena that can highly impact on the homogeneity of the resulting coating prior to polymerisation: the liquid capillary penetration and the liquid dewetting.

Coating capillary penetration into the hollow-fibres' porosity

Knowing the contact angle between the microemulsion and the Zeeweed TM (PVDF) and the MicroPES TM (PES, assumed to behave as PSU) it is possible to investigate the destabilisation of the coating upon deposition and before its polymerisation. We will first discuss the coating capillary penetration in the pores of the membrane, driven by the Young-Laplace capillary pressure difference in the pores of the substrate.

 Static penetration of the liquid

The deposited coating may penetrate the pore substrate after coating, it is therefore necessary to estimate to what extent the liquid film may be disrupted. To that end, we first estimated the maximum pore volume accessible by liquid for each fibre, if the fibre is exposed to the liquid long enough to reach equilibrium. To that end, we assumed perfect cylindrical pores, a homogeneous penetration and a fibre porosity -and thus surface density -of 80%. We then determined the associated minimum coating thickness to be deposited in order to saturate the porosity of each substrate, cf. Table 5.7. We were able to calculate the minimum coating thickness to be deposited in order to saturate the porosity of each substrate at equilibrium, cf. In order to fully assess the capillary penetration of the liquid into the fibre porosity, the dynamic aspect of this phenomenon has to be considered. The Washburn equation allows for the determination of the capillary penetration of the liquid depending on the time spent by the liquid on the substrate surface ∆t [23]. This equation, presented in Eq. 5.39, is valid for a fibre pore radius strictly lower than the capillary length l c for hydrophilic substrate, and for vertical coating process because the pores are considered as horizontal capillaries.

L cap = √ ∆t. γ. r pore . cosθ 2. η Eq. 5.39

In order to predict the pore penetration by the microemulsion, we considered that the liquid was able to penetrate the substrate until its full polymer conversion at 80% lamp power, i.e. ∆t = 1.1 s. The simulated penetration of the liquid depending on the contact angles of the microemulsion on the MicroPES TM and Zeeweed TM hollow-fibres is presented in Figure 5.14.

Two observations can be immediately drawn from these results: first, liquid penetration will be lower on Zeeweed TM than on MicroPES TM fibres -at most almost four times lower for superhydrophilic behaviour. We can therefore conclude the substrate pore size has a significant impact on the liquid capillary penetration into the fibre porosity, as suggested by Eq. 5.39.

Secondly these results also demonstrate the huge impact of the contact angle between the coating and the fibre: indeed, the lower this contact angle the higher the pore penetration.

Superhydrophilic behaviour leads to a capillary penetration in 1.1 s of about 200 and 760 µm for the Zeeweed TM and MicroPES TM fibres respectively. An increase in the contact angle then lowers the penetration -which will reach zero for hydrophobic liquid behaviour. In the last sub-section, we determined the contact angles between the microemulsion and PVDF, as well as PSU, polymer substrates. We assume that the behaviour of the MicroPES TM fibre -made of polyethersulfone (PES) -will be identical to that of PSU due to the chemical similarity of the polymers. These results indicate that the microemulsion will exhibit a 10 ± 5° and a 17 ± 4° contact angle with the PVDF and the PSU respectively at 1.1 s. We therefore expect the liquid to penetrate 203 µm into the Zeeweed TM and 746 µm -hence the full polymer wallinto the MicroPES TM . Using the same reasoning as for the static part, we estimated in Table 5.7

the minimum coating thickness to be deposited in order to saturate the porosity of each substrate before the complete liquid polymerisation in 1.1 s.

Based on the results from section 5.4.1.2, we evidenced that coating deposited on the surface of the MicroPES TM -for a fibre speed range of [0-19.8] m.min -1 and a reservoir radius (excluding the fibre radius) from 0.1 to 3.3 mm -is always thinner or equal to 80 µm. Therefore, the liquid will penetrate the totality of the porosity in 1.1s, before the microemulsion full polymerisation.

This conclusion is valid no matter the contact angle between the fibre and the liquid, as the liquid deposited will always penetrate the whole fibre wall in 1.1s based on Washburn equation. It is therefore impossible to maintain a continuous film on the surface of this MF fibre for the considered operating conditions. ) it is therefore possible for the deposited coating thickness to be thicker than the liquid thickness that will penetrate the fibre porosity. Thus, it is possible to maintain a continuous film of low thickness on the UF fibre -which may however be subject to dewetting then, depending on the remaining continuous thickness.

In Chapter 4, we evidenced that the monomer solution effectively penetrates the deconditioned MicroPES TM flat-sheet membrane porosity, but is also photografted inside the supporting membrane due to the UV-sensitive nature of the polyethersulfone. We also note that the liquid solution is mainly retained in the smallest pores of the asymmetric membrane, due to a lower Laplace pressure. The penetration phenomenon can therefore block the support pores and decrease the composite permeability. The retention of the polymer microemulsion into the porosity of the PVDF membrane is to be investigated. Indeed, acrylate monomers will not covalently bind with the membrane material, which could lead to an elimination of the coating during the membrane use.

Intermediate conclusions:

We evidenced that, at equilibrium, the liquid can fully penetrate both fibres porosity.

Considering the dynamic aspect of this phenomenon, we evidenced that the deposited coating will completely penetrate the MicroPES TM porosity no matter the contact angle of the microemulsion with the fibre (assuming a symmetric membrane). On the contrary, the microemulsion penetration into the porosity of the Zeeweed TM fibre is highly dependent on the contact angle with the coating. We evidenced that the considered microemulsion exhibits a low contact angle with the PVDF, which constitutes the Zeeweed TM membrane. The contact angle measurements between the polymer substrates and the microemulsion highlight that modifying the composition of the microemulsion might result in an increase of the contact angle, and thus a decrease in the fibre penetration. It is therefore of utmost concern to determine the microemulsion contact angle with the substrate to be coated in order to predict the coating behaviour. Indeed, it must be borne in mind that the coating will fill the microemulsion pores but could also create an additional thin-film over these saturated pores.

We also concluded that a coating thinner than 162 µm will completely penetrate the porosity of the Zeeweed TM fibre in 1.1s, before the complete monomer polymerisation. If this situation is mostly obtained according to the simulation carried out in this work, specific conditions allow to reach higher thicknesses. Working at larger radii of reservoir (r reservoir ≥ 1.8l c = 3. the saturation regime cannot be precisely predicted and might lead to variations between theory and experience. It is therefore possible to obtain a ca. 2 µm continuous thin-film on the surface of the Zeeweed TM for these operating conditions. This film might however be subject to dewetting, which we will discuss in the following sub-section.

The penetration of the microemulsion coating is a major concern because the monomer solution is expected to cure through the entire wall thickness, as depicted in Chapter 4.

Depending on the supporting membrane material, the coating can be grafted into the membrane porosity, which will then increase the effective thickness of the deposited coating, compared to the thickness calculated for non-porous fibres in Section 5.4.3, resulting in lower water permeabilities. If the microemulsion coating is not grafted into the membrane porosity, it can be eliminated during filtration, leading to a reversion to an unmodified membrane.

Finally, one must however keep in mind that the viscosity of the microemulsion will increase during the polymerisation process. Thus, if the liquid penetration is favoured for a zeroconversion rate, the occurrence of longer chains -increasing the liquid viscosity -will gradually limit the pore penetration. Indeed, the capillary penetration will probably be important for both hydrophilic and hydrophobic fibres, due to the co-existence of both hydrophilic and hydrophobic phases in the microemulsion, but will still be decreased when the microemulsion viscosity will increase, cf. Eq. 5.39. It is therefore likely that the liquid will stop penetrating the substrate before the full conversion, i.e. 1.1s.

Coating dewetting

It was discussed in the last sub-section that if a continuous coating remains on the fibre surface despite its penetration into the fibre porosity, this continuous coating may undergo dewetting.

This thin-film will undergo dewetting as soon as its surface tension solid-gas γ SV is lower than the sum of the liquid-gas γ LV and the liquid-solid γ SL surface tensions, cf. Eq. 5.40 [9], [19], [24].

Depending on the film thickness, two wetting regimes are to be differentiated: the metastable and the unstable regime.

γ SV < γ LV + γ SL Eq. 5.40

The unstable domain can be overlooked once the coating h i is thicker than 10 nm [9]. The metastable regime can be avoided once the coating reaches a minimum critical thickness h c , cf.

Eq. 5.41. This dry zone is assumed to be circular and will appear when the energy to create this dry zone is lower than the surface energy, i.e. when its radius r dewetting is equal to the coating thickness, cf. Eq. 5.42. Above this radius, the dewetting phenomenon occurs and the dry zone will expand, causing the liquid film surrounding this area to thicken until it reaches the critical value h c , Eq. 5.43, stopping the dewetting propagation. This critical thickness h c corresponds to the thickness at which the liquid flattens out under the effect of gravity and tends to form a gravity pool.

h c = 2. l c . sin ( θ 2 ) Eq. 5.41 h c > h 0 Eq. 5.42 h 0 < r dewetting Eq. 5.43

Combining these last equations will allow for the determination of the minimum solid-liquid contact angle between the substrate and the liquid deposited to avoid the occurrence of a metastable dewetting phenomenon, cf. Eq. 5.44.

h 0 > 2. l c . sin ( θ min 2 ) Eq. 5.44

The results presented in Figure 5.15 show that coatings with a contact angle of 1°, 2° and 3°

with the substrate will undergo dewetting if they are thinner than 61, 123 and 184 µm respectively. In Section 5.4.1.2, we evidenced that the thickest possible coating deposited on the microPES TM and on the Zeeweed TM was 72 and 164 µm respectively. We therefore conclude that to avoid a dewetting phenomenon, the coating deposited on the MicroPES TM fibre must exhibit a contact angle with the fibre lower than 2°, while the contact angle with the Zeeweed TM must be lower than 3°. We also demonstrated that the microemulsion displays a superhydrophilic behaviour on the PVDF and PSU substrates after a few seconds on the fibre.

However, when deposited on the polymer after 300 ms, the solution still exhibits a contact angle of 10° on PVDF and 17° on PSU, which would lead to a dewetting of the coating depending on the dynamic behaviour of the dewetting phenomenon. In the scope of our study, we did not evaluate the relative impact of the dewetting compared to the capillary penetration phenomenon. Further work should be carried out to fully assess the coating perturbation after fibre coating.

Intermediate conclusions:

The previous paragraphs highlighted that a continuous thin-film may remain on the surface of the Zeeweed TM fibre after pore penetration for specific operating conditions. The resulting continuous film thickness may be of ca. 2 µm and would therefore be too thin to avoid metastable dewetting, as depicted in Figure 5.15.

If the dynamic dewetting was not considered in our study, it would have to be considered for a full assessment of the evolution of the coating after its deposition on the fibre. As detailed in the last subsection, the liquid destabilisation may be contrasted because of the increase of microemulsion viscosity during polymerisation; which may prevent the dewetting phenomenon until achieving a full conversion. In order to fully assess this dynamic phenomenon, the continuous evolution of the viscosity of the monomer solution during the polymerisation should be considered in detail.

Beirnaert (2019) [9] also observed that the dip-coating of a PVDF hollow-fibre with a Teflon AF 2400 ® coating led to a severe vibration of the fibre on the coating module due to its own speed and the tension exerted by the pulley and reel system. These vibrations led to droplets ejections from the coating and thus to a possible decrease of the coating thickness. Such a phenomenon would therefore increase the probability to reach a heterogeneous system, which would then be subjected to a metastable dewetting regime for high fibre velocities.

Efficiency of the dip-coating process for microemulsions

Several conclusions can be drawn from the previous paragraphs are the following:

 The reservoir radius is a crucial factor up to r cuve ≈ 1.85l c = 3.3 mm in our case. Above this critical radius the meniscus will not be modified anymore and thus the reservoir width will not impact on the deposited coating thickness.

 For low reservoir radii lead to a divergence and saturation regimes at very low fibre speed, especially for thick fibre radii.

 Capillary penetration is the most impacting factor regarding the destabilisation of the coating after its deposition. The porosity of the MF fibre will be fully saturated when the deposited thickness will be thicker than 71 µm, while the UF fibre will be fully saturated when a coating thicker than 150 µm is achieved. A deposited coating thicker than these values will lead to the occurrence of an additional thin-film which will further decrease the permeability of the composite membrane.

One may now question the efficiency -permeability and selectivity -and thus the attractiveness of this process regarding the performance of the composite membrane: is the dip-coating of microemulsion on the surface of hollow-fibres a process of industrial interest?

We will try to answer -at least partially -to this question by estimating the performances of such a composite hollow-fibre. Our reasoning will be based on the performances of the We identified this sample as an ultrafiltration material regarding its selectivity. We will now discuss the permeability of the resulting composite membrane, as a function of the fibre substrate considered and of the coating thickness.

Using a series resistance model (cf. Eq. 4.5), we calculated the permeability of the final composite hollow-fibre membrane as a function of the coating thickness. Based on the manufacturer's data at 25°C and using Eq. 5.47 [25], we determined the water permeability of the MicroPES TM and the Zeeweed TM hollow-fibre membranes to be respectively of 19045 and 816 L.h -1 .m -2 .bar -1 at 20°C. polymer are determined using the most and least porous domains identified using cryo-SEM analysis and including a tortuous factor of 1.06 and 1.36 respectively. We expect the actual permeability of the sample to lie between these two extremes. One must however note that the interfaces are excluded from our prediction and can affect the estimated permeability of the composite membrane.

The simulated permeability highlights the dramatic decrease of the water permeability up to a 25 µm-thick coating, for which the water permeability falls below 225 and 305 L.h -1 .m -2 .bar -1at best -for the Zeeweed TM and MicroPES TM fibres respectively. Hence such a coating thickness will lead to a permeability decrease of at least 98.4% for the MicroPES TM and 72.4% for the Zeeweed TM fibres. This results stress, once again, the importance of the coating thickness. Such a low thickness can only be obtained for fibre speeds lower than 0.9 m.min -1 for the MicroPES TM fibre and 4.7 m.min -1 , regardless of the reservoir radius -if excluding the saturation regimes for reservoir radius lower than 0.4 mm.

We also observe that the permeabilities of the two fibres are in the same ranges, e.g. a difference in permeability of only 26% for a coating thickness of 25 µm. This last result brings to light the low impact of the substrate selection based on their initial permeability due to the really low permeability of the deposited coating, which will predominantly govern the permeability decrease.

Intermediate conclusions:

The present simulation evidenced that the deposition of a microemulsion coating of a thickness below 25 µm is almost impossible to achieve on the presently investigated fibres. Indeed, such thicknesses would imply the use of a really small reservoir, and thus reaching the saturation and divergence regimes where the coating thickness is complicated to predict. Plus, we evidenced that the capillary penetration of the coating before its polymerisation may lead to an effective coating thickness thicker than the one deposited on the fibre surface, leading to further decreased permeabilities.

If we determined that reasonable permeabilities can be achieved when coating fibres with a (21:23:56)62:19:19 microemulsion deposit thinner than 25 µm, the selectivity of the resulting composite membrane was estimated to be quite low -i.e. R=0.9 for a 145 kDa PEG -as detailed in Section 4.2.2.1. It should also be noted that experimental work performed by Galiano's team [26] evidenced the need to achieved coatings as thin as 4 µm to maintain a permeability higher than 75 L.h -1 .m -2 .bar -1 (pristine supporting membrane permeability: Lp = 350 L.h -1 .m -2 .bar -1 ).

Such a low thickness is very difficult to achieve in the visco-capillary and visco-inertial regimes and is of little interest for industrial applications.

Conclusion

The well-known predictive laws of Landau-Levich-Derjaguin (LLD) for the dip-coating of a hollow-fibre membrane have been adapted in order to describe an emulsion, and more specifically a microemulsion (dcolloid < 100 nm). A particular attention was paid to the impact of the liquid reservoir radius, which was evidenced as a decisive parameter for both the coating thickness and the critical speed boundaries limiting the applicability of the LLD and the viscocapillary domain.

 To what extent does the width of the tank impact a linear liquid deposit?

We incorporated the impact of the reservoir radius in our linear fluid coating numerical simulations, which led to the determination of an upper boundary radius, over which this factor does not evolve anymore. We decided to set this boundary value to 1.85l c , which corresponds to the reservoir width (fibre outer surface to tank wall) for which the maximum meniscus height is found -and thus the maximum meniscus width. Our results emphasised the necessity to incorporate the reservoir radius in the coating predictive models, as the saturation regime can be obtained for speed ranges way lower than expected from the mere determination of the Weber number. We can therefore conclude that the divergence and saturation regimes are impacted by two independent factors, namely the meniscus profile (i.e. the reservoir radius) and the Weber number (i.e. the fibre speed). A 3D model is thus expected for reservoir radii below 1.85l c to fully apprehend the liquid coating behaviour.

 Assuming the microemulsion behaves as a linear simple fluid, is the fibre coating a viable industrial solution for composite membranes manufacturing?

Our work is -to our knowledge -the first which aims at the prediction of the coating thickness, homogeneity and stability for the dip-coating of a microemulsion solution. We evidenced that the main problem to overcome for such mixtures is the destabilisation of the coating after deposition. We discussed both the capillary penetration and dewetting destabilisation phenomena, which are dependent on the contact angle between the liquid and the solid substrate. We also evidenced the dynamic behaviour of the contact angle between the solid substrate and the monomer microemulsion, which decreases as a function of the time spent on the solid substrate due to the presence of surfactants. In order to consider this dynamic behaviour in our calculations, we considered the contact angle of the microemulsion with the substrate at 1.1 s, i.e. the time needed for the monomer coating to be fully cured. We therefore considered a contact angle of 10 ± 5° and 17 ± 4° with the PVDF and the PSU respectively. Such low contact angles lead to a high capillary penetration of the liquid prior to its polymerisation.

We however evidenced that -for some specific operating conditions -a liquid thin-film may also remain on the fibre surface, despite capillary penetration, due to the gelification of the polymer. We have shown that due to its thinness, the monomer coating deposited on the fibres can also be subject to dewetting. We have not investigated this problem further, because a joint assessment of the dynamic dewetting combined to the dynamic capillary penetration phenomena would be necessary to fully apprehend the liquid behaviour before its polymerisation.

We estimated that the pore penetration will always be significant and lead to a saturation of the pores, which will negatively impact on the permeability. Indeed, the penetrated distance into the fibre's porosity was estimated to be always higher than the thickness of the deposited coating. Indeed, preliminary coating tests carried out on flat-sheet MicroPES TM membranes evidenced that the microemulsion can be cured and grafted to the membrane over its entire thickness, i.e. 100 ± 10 µm. Such a penetration will block the substrate porosity and decrease the composite permeability. If the photopolymerisation of the microemulsion is carried out over the entire thickness of the Zeeweed TM fibre, the coating will not be grafted to the PVDF skeleton of the membrane, which is not photosensitive. We can therefore question the maintenance of the coating into the membrane during the filtration process. If the coating is eliminated from the sample, the composite membrane will be reversed to an unmodified Zeeweed TM fibre. In that case, a preliminary fibre modification will be needed to allow the grafting of the coating to the fibre and thus avoid the elimination of the coating upon filtration.

In substance, the penetration of the coating negatively impacts on the dip-coating process, for both grafted and ungrafted coatings. membranes respectively). Such a thickness is almost impossible to reach except for very low speed ranges below 0.9 and 4.7 m.min -1 respectively. Plus, it remains uncertain whether the liquid would homogeneously penetrate the pores, and thus allow for an increased selectivity over the entire surface of the fibre. In the contrary situation, defects would appear and the coating would drastically reduce the permeability without increasing the selectivity, as discussed by Quezada (2007) [27].

Our simulation therefore indicates a poor suitability of the process for separative applications, regardless of the initial substrate hydrophilicity, pore radii and fibre radii. Indeed, fibre wiring speeds below 0.9 and 4.7 m.min -1 are not of high interest in the industrial scale and higher speed ranges will lead to thicker coatings with low permeabilities, which could be interesting for nanofiltration and reverse osmosis applications only. Plus, we evidenced the need of a fibre speed higher than 4.8 and 7.0 m.min -1 to avoid the occurrence of the Plateau-Rayleigh instability. Therefore, the coated thin-films are expected to be thicker than 24 and 98 μm for the MicroPES TM and Zeeweed TM fibres respectively. Plus, we specified in Chapter 4 that the (21:23:56)62:19:19 UV-TQ150 interconnected porous network belongs to the ultrafiltration selective range, and such low permeabilities are of no interest for UF membranes. In order to make the microemulsion dip-coating process industrially viable, other applications must then be considered, such as catalysis. We might, for example, consider trapping metallic (e.g. palladium or gold) nanoparticles, into the nanostructured system to enhance catalytic reactions [25], [28], [29].

 What are the prospects for the microemulsion deposition on hollow-fibre membranes?

We investigated the dip-coating process of fibres in the visco-capillary and visco-inertial domains and concluded on a poor suitability of the process in the case of microemulsion coating. Because the main challenge to overcome is the capillary penetration of the monomer coating into the substrate porosity, it seems unlikely that working in the viscous boundary regime might solve the problem.

If dip-coating processes are not the only processes that can lead to the synthesis of a thin-film composite membrane, we assume that pore penetration will always occur no matter how the thin film is deposited, due to both low surface tension and low viscosity of the microemulsion coating. It is therefore unlikely that other coating processes may be used to avoid capillary penetration of virgin porous fibres. However, in order to prevent spontaneous pore penetration we have identified two possible solutions to investigate.

The first one is to increase the viscosity of the coating by adding a pre-polymerisation step prior to coating. This solution might be adapted to both UV and RedOx initiation. However, this solution will obviously impact the resulting thickness of the coating. Indeed, if the viscosity increases more than the surface tension decreases, then the capillary number Ca will increase.

Such an increase would then lead to the deposition of thicker thin-films compared to the simulation presented here. Further work is therefore required on the intermediate properties of the polymerising microemulsion to fully assess the deposited thickness.

The second option considered would be to saturate the pores with a sacrificial solution, which would solidify before application of the coating and that can be easily eliminated from the pores after coating. This sacrificial solution must however be non-permeable and immiscible to the microemulsion, which might be quite challenging to obtain due to the hydrophilic and hydrophobic nature of the coating. Prima facie, we considered glycerol or sugar [30] to be interesting candidates. However, if the fibre surface is covered by a (dis-)continuous sacrificial layer, this may lead to a detachment of the polymer coating from the membrane surface after elimination of the sacrificial layer, which can reduce the selectivity of the composite membrane.

One must therefore ensure that the resulting polymer coating is mechanically strong enough to withstand both the filtration and retro-filtration steps, especially if the coating is not grafted to the fibre surface. The results presented by Beirnaert (2019) [9] suggest that the Teflon AF 2400 ® thin film coatings -which are not covalently grafted on the hollow-fibre membraneare mechanically strong enough to withstand the filtration steps, due to the sheath geometry of the coating. This encouraging result should however be confirmed for microemulsion coatings on fibres.

The present research work is positioned as a proof of concept for the synthesis of interconnected three-dimensional nanoporous polymer network for the manufacture of composite membranes, using non-ionic and non-polymerisable commercial surfactants. The main objective of this work was to carry on preliminary work developed by our research team in the Laboratoire de Génie Chimique. The formulation selected is composed of water as the aqueous phase, MMA as the organic monomer phase, HEMA as the co-solvent and co-surfactant monomer and an equimassic mix Synperonic TM A11 and Tergitol TM 15-S-12 non-polymerisable, non-ionic commercial surfactants. This dissertation aims to expand the scope of understanding of this quinary system, in both the initial monomer and the final polymer state.

To that end, we first led a comprehensive investigation of the monomer microstructure adopted We have also shown that the pore size of the samples varies with the initiation method selected, which is due to the different kinetics of these processes. We also evidenced that the photochemical processes lead to an anisotropic bulk structure -due to the UV-penetration gradient -while the RedOx process leads to an isotropic bulk structure. Finally, we demonstrated the critical importance of interfaces, which modify the affinities of the monomer sample in contact and therefore affect the adjacent microstructure. We therefore concluded that both the initial composition of the sample and the selection of the polymerisation process -i.e. the substrate where the microemulsion is deposited and the initiation method of the polymerisation -are to be investigated to give rise to the desired microstructure: depending on the polymerisation kinetics and gel point on set -i.e. depending on the initiation method and system composition -the microemulsion may or may not give rise to a bicontinuous polymer structure.

We then investigated the expected membrane performances of the homogeneous and uniform nanoporous structures polymerised from the selected monomer self-assembled systems: the Finally, in Chapter 5, we performed a numerical simulation of the microemulsion dip-coating process for the manufacture of composite hollow-fibre membranes. We adapted the predictive laws of Landau-Levich-Derjaguin (LLD) to describe microemulsified coatings on two commercial hollow-fibres: the MicroPES TM (MF-PES) and Zeeweed TM (UF-PVDF). We considered two different cases: a reservoir radius for which the meniscus is completely formed (r reservoir ≥ 1.85l c ) and a reservoir radius for which the meniscus is impacted by the radius of the tank of liquid solution (r reservoir < 1.85l c ). In the former case, a 2D model can be considered, using 𝐫 𝐫𝐞𝐬𝐞𝐫𝐯𝐨𝐢𝐫 = 𝟏. 𝟖𝟓𝐥 𝐜 . The latter case, in turn, has to be described using a 3D model, in which both the fibre speed and the liquid reservoir radius are variables.

Our simulation focused on the investigation of coatings carried out in the visco-capillary and visco-inertial domains. We evidenced the possibility to reach coatings thinner than 25 µm for a fibre speed below 0.9 and 4.7 m.min -1 when coating the MicroPES TM and Zeeweed TM respectively. Such fibre speeds are too low to be interesting for an industrial scale-up. Thicker coatings obtained at higher fibre wiring velocities, in turn, result in permeability typical of NF or RO membranes. Plus, we evidenced that the fibre speed needs to be higher than 4.8 and 7.0 m.min -1 respectively to avoid the Plateau-Rayleigh instability and remain homogeneous. We therefore concluded on a poor suitability of the process for separative applications, no matter the initial substrate permeability and hydrophilicity, pore radii and fibre radii.

For the investigated process to be industrially viable, other applications must then be considered, such as catalysis. Plus, we evidenced that the coating will undergo both a capillary penetration and a dewetting phenomenon before being polymerised. The competition and the dynamic aspect of these two phenomena are beyond the scope of this project, but it should be noted that these disturbances could result in the occurrence of heterogeneous coatings and defects, thus reducing the permeability without increasing the selectivity of the composite membrane [2].

assembled microstructure upon polymerisation in contact with substrates of various hydrophilicity.

 As part of this research project, we investigated the impact of the composition of the system on the microstructure for a fixed temperature (i.e. 25°C). However, the temperature factor has a dramatic impact on the structure adopted by the quaternary and quinary systems, due to the polyethoxylated nature of both non-ionic surfactants. We would advise the investigation of this factor through the construction of fishtail diagrams.

 In this project, we highlighted the importance of the capillary penetration phenomenon on the coating prior to polymerisation, both for flat-sheet and hollow-fibre membranes. In order to prevent the spontaneous pore penetration we suggest two ideas for improvement.

The first option is to saturate the pores with a sacrificial solid. This sacrificial compound must however be non-permeable and immiscible to the microemulsion, which is quite challenging due to the amphiphilic nature of the coating. Furthermore, this sacrificial filling must not be present on the supporting membrane surface, otherwise the deposited polymer coating could be heterogeneous or even detach from the substrate. The second option is to increase the viscosity of the monomer solution by adding a pre-polymerisation step before coating. Such a solution could however be challenging with regard to the dip-coating process. Indeed, modifying the viscosity of the solution would directly impact on the coating thickness. Plus, the coating deposited on the final polymer structure could be different than expected due -amongst other phenomena -to a Marangoni effect on the polymerising monomer bath. Finally, in the specific case of dip-coating process, we doubt that working in the viscous boundary regime will solve this problem, due to the low surface tension of the self-assembled solution used.

 We carried out a numerical simulation of the dip-coating process for the deposition microemulsion coatings cured under UV-light. We could extend the investigation to RedOx polymerisation, where other problematics could arise, such as how to avoid or limit the polymerisation burst -and its associated temperature increase -while limiting the penetration of the coating into the porosity of the membrane. The present simulation could also be extended to the viscous boundary regime to allow for higher fibre wiring speed. To that end, the experimental α-constant would have to be determined beforehand. Moreover, we suggest an experimental verification of the simulation presented in this work. Indeed, an experimental review of microemulsion dip-coating on fibres has -to our knowledge - Along the (35:65) MMA to the surfactant phase dilution line, in both systems, water diffusion coefficients lay between 5E-10 and 6E-10 m 2 .s -1 . The self-diffusion coefficients of MMA increase from 2E-10 to 4E-10 m 2 .s -1 and, while those of HEMA remain stable to about 2E-10 m 2 .s -1 . We then note that the water self-diffusion coefficients are two to five times higher than the coefficients of MMA and HEMA.

One must note that this dilution line is shortened in the (62:19:19) system compared to the one of the (33:33:33) system, due to the smaller transparent and non-birefringent area, cf. Figure MMA fraction (to surfactant phase) (wt%)
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 1 Figure I.1 -Schematic representation of the composite membrane developed in this research project.
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 11 Figure 1.1 -Schematic representation of the various possible orders in the mesophases.
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 12 Figure 1.2 -Schematic representation of (left) an inverted hexagonal structure (HII) and (right) a normal hexagonal structure (HI).
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 13 Figure 1.3 -Schematic representation of a lamellar structure (L).
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 14 Figure 1.4 -Schematic representation of cubic II, QI, QII and III LLC. . Reprinted with permission from Zhou et al. (2007) [14]. Copyright 2007 American Chemical Society.
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 15 Figure 1.5 -Schematic representation of the ideal evolution of the structure of a LLC system depending on the curvature of the interface, when increasing the water content. Reprinted with permission from Zhou et al. (2007) [14]. Copyright 2007 American Chemical Society.
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 16 Figure 1.6 -Evolution of non-ionic microemulsion microstructures depending on the temperature.
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 17 Figure 1.7) associated with fish-tail diagrams (cf. Figure 1.8) are most frequently used to describe the microstructure of microemulsions and liquid crystals depending on the composition and the temperature respectively.

Figure 1 . 7 -

 17 Figure 1.7 -Schematic representation of (pseudo-)ternary phase diagrams used for the description of surfactant-based systems (microemulsions and liquid crystals).
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 18 Figure 1.8 -Schematic representation of a fish-tail diagram T=f(surfactant concentration γ).
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 19 Figure 1.9 -Representative scheme of the formation of polarised light.
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 110 Figure 1.10 -Birefringence of two liquid crystal samples under cross-polarised light.
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 1 Figure 1.11 -XRD diffractogram of a bicontinuous cubic structure. . Reprinted with permission from Zhou et al. (2007)[14]. Copyright 2007 American Chemical Society.
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 112 Figure 1.12 -Schematic conductivity curve versus the aqueous phase proportion in the emulsified monomer solution.

10 Where I 0

 100 is the unattenuated signal intensity, γ m the gyromagnectic ratio of the observed nucleus, τ the relaxation time, δ m the length of the gradient, g m the gradient strength and ∆ m the diffusion time. The small molecules and compounds move fast -hence a high self-diffusion coefficient -and their signal will decrease quickly, as opposed to large molecules. The DOSY spectra of a mixture of different chemical compounds allows for the attribution of each self-diffusion coefficient according to their associated chemical shift, as depicted in Figure 1.13. The determination of self-diffusion coefficients in microemulsions provides microstructural information that enables normal and inverse micellar structure to be distinguished, as well as intermediate structure to be accurately identified. Both parameters are to be considered to carry out a complete analysis of the results obtained from DOSY measurements: the self-diffusion coefficient D and the relative self-diffusion coefficient D D 0



  Normal micellar structure (O/W): D surfactant ≈ D oil << D aqueous , with D oil ≈ 10E-11 m².s -1 and D aqueous ≈ 10E-9 m².s -1

 3 

 3 Inverse micellar structure (W/O): opposite of the above description of normal micellar structure. D oil >> D aqueous ≈ D surfactant , with D oil ≈ 10E-9 m².s -1 and D aqueous ≈ 10E-11 m².s -1 Bicontinuous structure: D surfactant < D oil ≈ D aqueous ≈ 10E-9 m².s -1
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 1 Figure 1.13 -1 H NMR DOSY 2D spectrum of one acrylate microemulsion discussed in this work.
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 114 Figure 1.14 -Schematic representation of the type of information collected by SAXS analysis (case of monodispersed particles).
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 115 Figure 1.15 -Reaction scheme for the initiation of the RedOx couple APS/TMEDA.
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 321 Norrish photoinitiatorsThe mechanism involved in the initiation step of UV polymerisation depends on the Norrish type of the photoinitiator. Norrish I photoinitiators allow for the direct cleavage of the molecule under UV-radiations, as presented in Figure1.16. These initiators carry ketone or aldehyde function, which undergoes homolytic cleavage of the σ-bond, resulting in two radicals. DMPA, HMP as well as Irgacure ® and Darocur ® product lines are common Norrish I photoinitiators.
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 116 Figure 1.16 -Photochemical priming of a Norrish type I initiator.
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 117 Figure 1.17 -Photochemical priming of a Norrish type II initiator.
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 118 Figure 1.18 -Reaction scheme for the "grafting to" (top) and the "grafting from" (bottom) mechanism.
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 119 Figure 1.19 -Schematic representation of dead-end and cross-flow filtration.

Figure 1 . 20 -

 120 Figure 1.20 -Schematic representation of a membrane porosity.
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 121 Figure 1.21 -Membrane filtration range and their common applications depending on the retentate size.
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 122 Figure 1.22 -Schematic representation of the internal structure of a membrane.
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 23 They can both be made of one or several materials but are mainly composite industrial membranes. Spiral modules are constituted of several flat-sheet membranes wrapped around an axis, which increases the compactness of the module but prevents backwashing because of its low mechanical resistance.
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 123 Figure 1.23 -Schematic representation of a flat sheet membrane and a spiral module.
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 124 Figure 1.24 -Schematic representation of a hollow fibre membrane and a tubular module.

Figure 1 . 1 -

 11 Figure 1.1 -Chemical structure of monomers and corresponding polymers.
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 22 Figure 2.2 -Chemical structure of the non-ionic surfactants used.
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 23 Figure 2.3 -Chemical structure of RedOx couple and the Norrish I photoinitiator used.
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 24 Figure 2.4 -Chemical structure of the oxygen scavengers used.
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 253 Figure 2.5 -Experimental set-up for the visual and conductimetric monitoring of mixtures of organic, surfactant and water phases at 25°C.
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 261 Figure 2.6 -1 H NMR spectrum of (left) MMA and (right) HEMA in CDCl3 and peak attribution.
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 2728827 Figure 2.7 -Assignment of the 1 H NMR peaks by successive addition of each compound to a solution (33:40:27)62:19:19 microemulsion.
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 281 Figure 2.8 -1 H NMR spectra and peak attribution of the monomers in the (25:19:56)62:19:19 microemulsion.
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  determination of W/O and O/W microstructures surrounding an intermediate region -which is usually considered as bicontinuous. Those three ranges of conductivity values are delimited by two slope discontinuities -called percolation threshold -indicating a significant change in the microstructure. In the microemulsion field, other techniques have been used to identify the microstructure of the monomer solutions, namely SAXS [1]-[5] and DOSY-NMR[2],[5]-[7] 

Figure 3 . 1 -

 31 Figure 3.1 -Pseudo-ternary phase diagram of the (0:50:50) acrylate system at 25°C.

 2 ,

 2 Synperonic TM A11:Tergitol TM 15-S-12(50:50) Identification of the hexagonal and lamellar domainsThe SAXS scattering curves of the composition N°1 (brown LC domain) and N°2 (red LC domain) are presented in Figure3.2 below. The N°1 scattering curve exhibits two peaks with a characteristic d-spacing ratio of 1:1 indicating the occurrence of a lamellar phase. As for sample N°2, three peaks distant from the first one with a characteristic d-spacing ratio of 1: the existence of a hexagonal liquid crystal phase.

Figure 3 . 2 -

 32 Figure 3.2 -SAXS scattering curves of a (left) lamellar (N°1) and (right) hexagonal (N°2) liquid crystal structures at 25°C. One exposition per sample.

Figure 3 . 3 -

 33 Figure 3.3 -Schematic representation of the lattice parameter in (left) lamellar and (right) hexagonal liquid crystal structures.

  d

Figure 3 .

 3 Figure 3.1 was partially investigated using SAXS analyses. To that end, three compositions of the (75:25)MMA:Surfactants water dilution line were investigated: two samples belong to the non-birefringent domain (N°3 and N°5) and one sample belongs to the lamellar domain (N°4). The associated SAXS scattering curves of these two samples are presented in Figure 3.4 below.

Figure 3 . 4 -

 34 Figure 3.4 -SAXS scattering curves of the N°3, N°4 and N°5 samples at 25°C, along the (75:25)MMA:Surfactants water dilution line. One exposition per sample.

  Synperonic TM A11:Tergitol TM 15-S-12(50:50) 

Figure 3 . 6 -

 36 Figure 3.6 -SAXS scattering curves representing the evolution of microstructure of the (38:29:33)0:50:50 composition upon HEMA addition, at 25°C. One exposition per sample.

Figure 3 . 7 -

 37 Figure 3.7 -Pseudo-ternary diagrams of thermodynamically stable and unstable zones for the (left) (62:19:19) and (right) (33:33:33) acrylate systems at 25°C. Monophasic (water:surfactants) and (MMA:surfactants) binary systems, biphasic (water:MMA) system up to ca. 99 wt.% water.

  Figure 3.8.
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 38 Figure 3.8 -Conductivity curves of the (15:85)62:19:19 water dilution line as function of the water content at 25°C. The ionic compound (NaCl) is contained in the (left) organic and (right) aqueous solution.

  Water fraction (wt%) evolution of the conductivity. In the example presented in the right of Figure3.8, a hydrophobic zone presenting low conductivity is observed up to 24 wt.% water. Upon further water addition the conductivity increases non-linearly until 67 wt.%. Finally, above 67 wt.%, a highly hydrophilic zone is observed where the conductivity increases linearly. When extrapolating this linear increase, the value of pure water is also reached (1137 µS.cm -1 ± 4 %). The delimitation of the micellar-intermediate structures based on the conductimetric measurements for all the water dilution lines in both (33:33:33) and (62:19:19) system is reported in the pseudo-ternary diagram, cf. Figure3.9.

Figure 3 . 9 -

 39 Figure 3.9 -Pseudo-ternary phase diagrams from conductivity measurements and the (15:85) water dilution line for the (left) (33:33:33) and (right) (62:19:19) acrylate systems at 25°C. Binary systems not investigated.

  3.4.2.1.1 Self-diffusion coefficients D 0 of the pure compounds As a rule of thumb, regardless of intermolecular interactions, the diffusion coefficient of molecules in pure solution decreases with the increase of their molecular mass. The selfdiffusion coefficients of water, MMA and HEMA are thus expected to be ranked as follows: D 0 H 2 O ≫ D 0 MMA > D 0 HEMA . The results in Table 3.4 however indicate that the MMA and water self-diffusion coefficients are quite similar, while the HEMA diffusion coefficient is very low -ten times lower -compared to those of water and MMA. The experimental data presented as part of this work are in good agreement with the coefficients reported in the literature.
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 311 Figure 3.11 -Evolution of the relative self-diffusion coefficient of (△) MMA, (□) HEMA and (○) water at25°C, as a function of the water content along the(15:85) water dilution line in the (left)(62:19:19) and (right)(33:33:33) acrylate systems.

  wt%) indicates that the surfactant molecules' mobility remained almost unchanged during water dilution.

Figure 3 . 12 -

 312 Figure 3.12 -Schematic representation of the hydration phenomenon occurring when using polyethoxylated surfactants.

  detailed in the Bibliographic study (Chapter 1), the self-diffusion coefficient of a compound indicates how restricted the molecules are in the solution and thus whether these molecules are found in a restricted or open medium. Classical microemulsified systems (W/O  bicontinuous  O/W structures), exhibit a decrease in the self-diffusion coefficient of the organic compounds, combined to an increase of the water self-diffusion coefficient upon water dilution. However, the present (33:33:33) and (62:19:19) systems behave differently, asneither MMA nor HEMA coefficients are strictly higher than the self-diffusion of water. This information tends to indicate that the organic phase cannot be a continuous medium, even at low water contents. Indeed, in order to be considered as a continuous phase, self-diffusion coefficients in the following range are expected: D continuous ≈ 10E-9 m².s -1 ; D dispersed ≈ 10E-11 m².s -1 and ( never reached for the organic phase (maximum 4-5 E-10 m 2 .s -1 ). Plus, up to 65

Figure 3 .

 3 Figure 3.13 -SAXS scattering curves of the(15:85) water dilution line at 25°C, for the (left)(62:19:19) and (right)(33:33:33) acrylate systems.

 3 . 10 and 3 . 11 . 13 .

 31031113 assemblies, we tried to perform a cryo-TEM analysis of some samples along the (15:85) water dilution line. We were however unable to analyse the samples below 75 wt.% water due to the impossibility of instantaneously freezing the monomer sample in liquid ethane at -185°C. Such a behaviour of the sample was attributed to the presence of high concentrations of surfactants in the system. At high water dilution, we were able to freeze the sample, although we were still unsure of the possible modification of its microstructure due to the temperature change in the sample prior to freezing. A cryo-TEM analysis would have allow us to visualise the sample and to unequivocally conclude on the microstructure of the sample.Based on the conductivity, DOSY-NMR and SAXS analysis we concluded that: The system remained quite hydrophobic up to 25 wt.% water. A sharp linear increase of conductivity was then observed after 65 wt.% water, which tends to indicate the occurrence of a continuous aqueous phase. See Figure3.8. The self-diffusion coefficients of both MMA and HEMA remain stable up to ca. 65 wt.% water, after which they both slightly increase. The self-diffusion coefficients of water, in turn, increases throughout all the investigated range. Above 85 wt.% the self-diffusion coefficient of water is greater than 0.8 indicating that water has become a continuous medium. However, it seems inconsistent for MMA and HEMA to be a continuous medium, even for extremely low water content due to their low diffusion coefficients. See FigureFigureNo characteristic scattering peaks of liquid crystal phases are observed. Two scattering broad peaks are observed in X-Ray scattering above ca. 15-25 wt.% water. Two peaks are observed when diluting the system with water, but the second peak is less defined in the system containing more HEMA (i.e. the (62:19:19) system). As the amount of water is increased, the maximum of both peaks shifts towards lower scattering vectors, indicating a growth of the structure up to 65 wt.% of water. When further increasing the water content above 75-85 wt.%, the two peaks are merging to give rise to a single broad peak of higher scattered intensity. An increase in the intensity of the signal is observed for low scattering vectors, indicating the occurrence of a structure factor. See Figure3.Based on the mere conductivity, DOSY-NMR and SAXS analyses carried out as part of this research project, it seems uncertain to definitively conclude on the microstructure adopted by the two quinary systems investigated. However, we can identify a similar pattern in all analyses:Below 25-35 wt.% water: Occurrence of a hydrophobic solution where neither the organic nor the aqueous phase can form a continuous medium. A single scattering peak of low intensity is observed. Increasing the amount of water increases the intensity of the broad scattering peak and increases the self-diffusion coefficient -and thus the size -of the aqueous domain. Small organic domains and aqueous domains co-existing. Slight increase in the size of the aqueous domain. Between 25-35 wt.% and 75-85 wt.% water: The conductivity of the solution increases slightly and non-linearly. The self-diffusion coefficients of MMA and HEMA do not evolve remain as low as ca. 10 -10 m 2 .s -1 . The self-diffusion of water continues to increase upon water addition. Occurrence of two scattering peaks shifting towards lower scattering vectors when increasing the amount of water in the system: increase in the "object" size.  Swelling of the nanometric structure upon water addition, associated to a growth of the aqueous phase, but not of the organic phase. Still no continuous medium found in the solution. Above 75-85 wt.% water: The conductivity of the solution increases dramatically and linearly. The self-diffusion coefficient of water increases and reaches 0.8, indicating water has become a continuous medium. The self-diffusion coefficients of MMA and HEMA slightly increases. The two observed scattering peaks are merging into one peak of higher intensity. The system exhibits an increase of intensity for low values of scattering vector indicating the occurrence of a structure factor. The scattering pattern observed for 85 wt.% water are typical of micellar structures [2], [13]-[15].  Growth of the aqueous domain until it becomes a continuous phase. MMA and HEMA become a dispersed phase stabilised by the non-ionic surfactants. The increase in the self-diffusion coefficients of MMA and HEMA is, however, uncommon when obtaining O/W structures.These results are to be combined to the microstructures identified in the (0:50:50) quaternary system, which did not contain any HEMA co-surfactant. In order to apprehend the modification of the structure upon HEMA addition, we will assimilate the two (15:85) water dilution lines discussed in Section 3.4.2, as two water dilution lines in the (0:50:50) system, which are then diluted with HEMA to reach the compositions of the(62:19:19) and (33:33:33) quinary systems. We will refer to these dilution lines as the (32:68)33:33:33 and the (21:79)62:19:19 water dilution lines in the (0:50:50), cf. Figure3.14.

Figure 3 .

 3 Figure 3.14 -(plain) (32:68) 33:33:33 and (dashed) (21:79) 62:19:19 water dilution lines in the (0:50:50)

Chapter 3 -

 3 Kogan et al. (2009) [2] and[START_REF] Nakamura | Phase transition between microemulsion and lamellar liquid crystal[END_REF] [34].Kogan et al. (2009) reported the achievement of a bicontinuous structure when diluting a mix of triacetin/D-R-tocopherol acetate/ethanol (3/1/4) and Tween 60 with water. This author reported similar order of magnitude in the diffusion coefficients using DOSY-NMR as well as similar SAXS scattering patterns. They concluded on the occurrence of an "ordered bicontinuous structure" originating from the distortion of a lamellar structure upon heating at an intermediate regime of 25-65 Water HEMA : Synperonic TM A11 : Tergitol TM 15-S-12 (62:19:Elaboration of pseudo-ternary phase-diagrams of the monomer systems by SAXS and DOSY-NMR analyses 123

Figure 3 .

 3 Figure 3.15 -Pseudo-ternary phase diagrams of the (top) (0:50:50), (middle)(62:19:19) and (bottom)(33:33:33) acrylate non-ionic systems
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  linked polymer network and estimate to what extent this polymer is a good candidate to enhance the performance of porous membranes. Finally, we will examine whether other formulations and polymerisation inititation processes can be considered to further improve the membrane performance of the cross-linked polymer network. All the compositions investigated in this Chapter will be listed according to the following notation: (Water wt.%: MMA wt.%: Surfactant phase wt.%)(HEMA wt.% in surfactant phase: Synperonic TM A11 wt.% in surfactant phase: Tergitol TM 15-S-12 wt.% in surfactant phase)

Figure 4 . 1 .

 41 Figure 4.1. The high amount of HEMA in this composition (34.97 wt.%) causes the monomer structure to be highly disorganised, as previously discussed in Chapter 3.
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 41 Figure 4.1 -Location of the (21:23:56)62:19:19 composition considered in our comprehensive case study.
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 42 Figure 4.2 -SEM images of a dehydrated UV-LED polymerised (21:23:56)62:19:19 cross-section.

Figure 4 . 3 -

 43 Figure 4.3 -Cryo-SEM cross-sections images of the (21:23:56)62:19:19 composition, cured with RedOx and UV (under the LED or the TQ150 lamp) initiations.UV-TQ150RedOx UV-LED
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 44 Figure 4.4 -Schematic representation of the Marangoni circulation occurring in a drop of surfactantbased solution.

  Figure 4.5.
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 45 Figure 4.5 -Schematic representation of the membrane structure as a function of the water evaporation during UV polymerisation.

  Water vapour

Figure 4 . 6 -

 46 Figure 4.6 -Cryo-SEM images of the cross-sections used for the statistical analysis of the pore size and pore size distribution, using ImageJ software.

Figure 4 . 7 -

 47 Figure 4.7 -Distribution of pore radius in the polymer bulk from the numerical analysis from the cryo-SEM images. (red) UV-TQ150, (blue) UV-LED and (green) RedOx sample, (plain) porous and (dashed) selective domains of the anisotropic samples.

Figure 4 . 6 .

 46 Figure 4.7.

Figure 4 .

 4 Figure 4.8 below represents the scattering curves of the (21:23:56)62:19:19 monomer and UV-LED polymer samples. As detailed in the previous Chapter 3, the curve of the monomer

Figure 4 . 8 -

 48 Figure 4.8 -SAXS scattering curves of the (21:23:56)62:19:19 UV-LED sample (blue) before and (red) after water polymerisation. (black) Teubner-Strey associated fit.

Figure 4 . 9 -

 49 Figure 4.9 -Representative scheme of the periodicity and the correlation length in a bicontinuous system.

  :23:56)62:19:19 UV-LED polymer, before and after water the washing step, using SAXS analyses, as presented in Figure 4.10. The washed sample was studied under hydrated conditions to avoid the structure from collapsing due to dehydration.

Figure 4 .

 4 Figure 4.10 -SAXS scattering curves of the (21:23:56)62:19:19 UV-LED polymer (red) before and (green) after water washing. (black) Teubner-Strey associated fit. Inset: 𝑓(𝑞) = 𝐼(𝑞)𝑞².

Figure 4 .

 4 Figure 4.11 -Non-ionic surfactant structure and dimension obtained from the MolView software: (left) Synperonic TM A11 and (right) Tergitol TM 15-S-12.

Figure 4 . 12 -

 412 Figure 4.12 -Schematic representation of the aqueous channel before and after non-polymerisable surfactant removal.

Figure 4 . 13 -

 413 Figure 4.13 -Estimated evolution of the retention coefficient of the (21:23:56)62:19:19 polymer membrane as a function of the hydrodynamic radius of the particles retained, based on the statistical analysis of the cryo-SEM cross-sections images. (red) UV-TQ150, (blue) UV-LED and (green) RedOx samples.
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 414 Figure 4.14 -Schematic representation of the porous model considered for the calculation of the permeability using Poiseuille's law: (left) for an ideal system (𝜏 = 1) and (right) for a tortuous gyroid system (𝜏 = 1.06 -1.35) [34].

  possible to determine the liquid flow in the pores at 20°C (J 20 ), S being the membrane surface (cf. Eq. 4.7). To access to the water permeability at 20°C (L P20 ), we consider the pore size distribution of a membrane established in Section 4.2.1.1. We therefore have to consider a sum of pore radius and the equation simplifies to Eq. 4.8, where n(rm) is the pore density of each pore radius considered.

Figure 4 .

 4 Figure 4.10 presents the evolution of the permeability of the polymer membrane, calculated using Eq. 4.8, as a function of the membrane thickness, for the three (21:23:56)62:19:19 polymers investigated in Section 4.2.1.1 (UV-LED, UV-TQ150 and Redox). We note that both the
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 415 Figure 4.15 -Evolution of the water permeability at 20°C of the (21:23:56)62:19:19 polymer membrane as a function of the membrane thickness. (red) UV-TQ, (blue) UV-LED and (green) RedOx samples; (plain) maximum and (dashed) minimum permeability.
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 416 Figure 4.16 -Evolution of the water permeability at 20°C of a 10 µm thick asymmetrical (21:23:56)62:19:19 polymer as a function of the thickness of the selective domain. (red) UV-TQ150 and (blue) UV-LED. The permeability of an isotropic RedOx sample (𝜏 𝑚𝑒𝑎𝑛 = 1.06) (green) is presented for comparison.



  Example of a (21:23:56)62:19:19 RedOx composite membrane In these paragraphs, we will discuss the manufacture of composite membranes based on the deposition of the (21:23:56)62:19:19 RedOx polymer thin-film on a commercial MicroPES TM

Figure 4 . 17 -

 417 Figure 4.17 -Evolution of the water permeability at 20°C of the composite MicroPES TM flat-sheet membrane coated with (21:23:56)62:19:19 RedOx polymer as a function of the coating thickness.

  polymerisation of 100 µm (21:23:56)62:19:19 monomer solutions will be now discussed. 4.2.2.3 Experimental determination of the water permeability of the (21:23:56)62:19:19 UV-TQ150 membrane The experimental analysis of the polymerised (21:23:56)62:19:19 samples was only carried out for the UV-TQ150 samples only. We investigated the behaviour of both asymmetric (21:23:56)62:19:19 and PES-(21:23:56)62:19:19 composite membranes. The samples presented were casted on a glass plate (asymmetric membrane) or on a supporting membrane (PES composite membrane) and no upper glass plate was used. Indeed, due to technical limitations we were unable to increase the size of the mould without impacting the homogeneity of the polymer.  Asymmetric (21:23:56)62:19:19 UV-TQ150 membrane The behaviour of two ~ 100 µm thick (21:23:56)62:19:19 UV-TQ150 asymmetric membranes were investigated by performing two successive cycles of increase/decrease of the applied pressure, between 0.2-1 bar as presented in Figure 4.18. Each measurement was performed for 5 minutes. The M112 membrane is a 112 ± 7 µm thick (21:23:56)62:19:19 UV-TQ150 asymmetric membrane, while the M82 is an 82 ± 8 µm thick membrane. The estimated flux (cf. Section 4.2.2.2) associated to both membranes is presented in plain line in the inset and will compared to the experimental data in the next paragraphs.
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 418 Figure 4.18 -Experimental evolution of the water flux at 20°C through the (red) M112 and the (blue) M82 membrane. (◻) First and (♢) second pressure cycle, (plain) increase and (hollow) decrease of the applied pressure. Inset: (plain lines) flux estimated from images of cryo-SEM analysis.
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 419 Figure 4.19 -Schematic representation of the deformation of an auxetic material under compressive stress.

Figure 4

 4 Figure 4.20.
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 420 Figure 4.20 -Schematic representation of the hypothesised deformation the polymer membrane under compressive stress.

 ( 21 :

 21 23:56)62:19:19 UV-TQ150 coating on a MF supporting membrane We photografted a coating of the (21:23:56)62:19:19 on a deconditioned and uncompacted MicroPES TM MF-PES commercial membrane. The coating was deposited on the commercial membrane using a 100 µm casting-knife. After washing and drying, we analysed the PES-(21:23:56)62:19:19 composite membrane using SEM analysis, cf.

Figure 4 .

 4 21 and Figure 4.22.

  5 and Figure 4.23.

Figure 4 .

 4 Figure 4.21 -SEM images of cross-sections of (left) a pristine MicroPES TM flat-sheet membrane and (right) a coated MicroPES TM membrane coated with the (21:23:56)62:19:19 monomer solution.

Figure 4 .Figure 4 . 23 -

 4423 Figure 4.22 -SEM images of the selective surface of (left) a pristine MicroPES TM flat-sheet membrane and (right) a coated MicroPES TM membrane coated with the (21:23:56)62:19:19 monomer solution.

( 21 :

 21 23:56)62:19:19 composite membranes, contrary to the pristine deconditioned MicroPES TM membrane (Lppristine MicroPES = 111 ± 18 L.m -2 .h -1 .bar -1 , after compacting the membrane for 20 min at 2 bar). We then observe that the water flux through the composite membrane are at least 5 times lower than the flux obtained when filtrating through the asymmetric (21:23:56)62:19:19 UV-TQ150 membrane.

  21:23:56)62:19:19_2 membranes both display a sharper increase in their flux when increasing the pressure above 1.5 bar. To confirm this observation, we investigated the behaviour of our samples PES-(21:23:56)62:19:19_3 and the PES-(21:23:56)62:19:19_4 membranes

  (21:23:56)62:19:19 membranes, we note that the fluxes obtained when filtrating through the composite membranes are less important than for the asymmetric membranes. Plus, the non-linear evolution of the fluxes as a function of the applied water pressure clearly appears for higher pressure compared to the asymmetric membrane. Combining these observations with those of the asymmetric (21:23:56)62:19:19

( 21 :

 21 23:56)62:19:19 synthesis. The ratio used in this specific case is different from the one investigated in the remainder of Chapter 4: 20:80 instead of 50:50.

( 21 :In Section 4 . 2 ,

 2142 23:56)62:19:19 membranes. However, a modification of the microstructure of the monomer self-assembly trapped into the small pores of the supporting membrane may occur prior to polymerisation, due to Marangoni effect along the interfaces. In order to fully understand the behaviour of the (21:23:56)26:19:19 membrane, the microstructure of the coating trapped into the pores should be further assessed. Overall, we conclude that the (21:23:56)62:19:19 polymer is effectively porous and through-going with open pores. The experimental flux obtained for low applied pressure is consistent with the numerical simulation performed using the pore size distribution under atmospheric pressure. However, we observed a non-linear evolution of water flux as a function of the applied pressure, which we attributed to an anisotropic behaviour of our polyacrylate network under compressive stress. Further analyses are however needed to fully understand the origin of such a non-linear behaviour. we carried out a comprehensive investigation of the (21:23:56)62:19:19 sample.
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 424 Figure 4.24 -Ternary-phase diagrams of the investigated system for the (top)(62:19:19) and (bottom)(33:33:33) surfactant ratios, and the associated polymerised compositions.

Figure 4 .

 4 Figure 4.25 -Cryo-SEM cross-sections images of the two (46:8:46) compositions, cured with RedOx and UV (under the LED or the TQ150 lamp) initiations.

Figure 4 .

 4 Figure 4.26 -Cryo-SEM images of (left) the (46:8:46)62:19:19 UV-TQ150 asymmetric polymer and the delimitation of the so-called thin-film and of the porous domain and (right) the selective surface.

Figure 4 . 27 -

 427 Figure 4.27 -Distribution of pore radius of the (46:8:46)62:19:19 UV-TQ150 sample from the numerical analysis from the cryo-SEM images. (blue, dashed) Selective thin-film and (red, plain) porous crosssection areas.

  2), similarly to what has been presented in Section 4.2.2.1. The retention of the polymer membrane as a function of the hydrodynamic radius r hydro of the particles retained is presented in Figure 4.28.
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 428 Figure 4.28 -Estimated evolution of the retention coefficient of the (46:8:46)62:19:19 UV-TQ150 polymer membrane as a function of the hydrodynamic radius of the particles retained, based on the statistical analysis of the cryo-SEM cross-sections images.

the ( 46 : 8 :

 468 46)62:19:19 and the (46:8:46)33:33:33. The (46:8:46)33:33:33 polymer exhibit non-uniform heterogeneous structures, that randomly alternated between porous micrometric structure formed by polymer aggregates and dense non-porous structures, for all three polymerisation initiations investigated. The (46:8:46)62:19:19 polymer also exhibits non-uniform heterogeneous structure for the RedOx and UV-LED initiations. The (46:8:46)62:19:19 UV-TQ150, in turn, displays a uniform micrometric bicontinuous structure. This behaviour has been linked to the blocking of a spinodal decomposition mechanism occurring in the system during the polymerisation process. The final microstructure of the polymer therefore depends on the polymerisation kinetics and on the onset of the gel point. We therefore highlighted that both the composition and the polymerisation method are of the utmost importance when polymerising a monomer self-assembly stabilised by non-polymerisable surfactants. Out of the nine investigated samples, only four were porous and uniform: the (21:23:56)62:19:19 RedOx, the (21:23:56)62:19:19 UV-LED, the (21:23:56)62:19:19 UV-TQ150 and the (46:8:46)62:19:19 UV-TQ150.Only these four samples have been investigated to be used as membrane materials for liquid filtration.
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 51 Figure 5.1 -Hollow-fibre membrane dip-coating module (a) with UV lamps for coating photografting and (b) IR lamp for coating drying.
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 52 Figure 5.2 -Liquid meniscus representation for vertical fibre wiring.
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 53 Figure 5.3 -Schematic representation of the two possible coating regimes depending on the direction of the Eq. 5.10 inequality. Reprinted with permission from Lasseugette et al. [12].
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 54 This work was based on the assumptions that: The colloidal particles are big enough to overlook both the Brownian motion and the colloidal forces (d colloid < 100 µm).
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 54 Figure 5.4 -Thickness of colloidal coating as a function of the capillary number for 10% (♦), 18% (■) and 41% (•) volume fraction of particles. Adapted with permission fromGans et al. 

19 Where

 19 ϕ and ϕ m are respectively the volume fraction and the maximum filling ratio of the particle stack in the suspension. The Bond number used by Gans et al. to determine both Eq.

5. 4 . 1 . 1

 411 Applicability of the LLD-law to the studied systems As detailed in Section 5.3.1, two main coating behaviours are detailed in the literature. In order
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 53 Out of those five different domains only the visco-capillary and the viscoinertial regimes will be discussed in this present work. Although the viscous boundary regime may allow for a thin, controlled and homogeneous deposit, it is however not possible to predict the coating thickness due to the failure to predict the α-constant. An experimental determination of this constant would overcome this limitation, but could not be achieved during this thesis work.
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 56 Figure 5.6 -Evolution of the coating thickness based on the fibre speed and the reservoir radius for the MicroPES TM (left) and the Zeeweed TM (right) hollow-fibres. The reservoir radius does not include the fibre radius.
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 57 Figure 5.7 -ATR-FTIR spectra of the (21:23:56)62:19:19 microemulsion (black) before irradiation and after (red) 2 min, (orange) 4 min, (blue) 5 min and (green) 6 min under the TQ150 polychromatic lamp.
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 58 Figure 5.8 -Evolution of the full conversion time depending on the UVA-PRINT LE power.
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 59 Figure 5.9 -Plateau-Rayleigh instability on a fibre surface. Reproduced with permission from Springer Nature from Lorenceau et al. [19].

  on the formula Eq. 5.35, the minimum coating thickness to be deposited on the MicroPES TM and on the Zeeweed TM hollow-fibres to avoid the Plateau-Rayleigh instability are respectively 104 µm and 331 µm. However, the deposited thickness we predicted assuming linear fluids never reached such high thicknesses, for the considered operating conditions regarding the radius of the reservoir and the fibre speed. If the liquid is not solidified quickly enough, the Plateau-Rayleigh instability could therefore appear on both fibres in our investigated ranges: fibre speed range of [0-19.8] m.min -1 and a reservoir radius (excluding the fibre radius) from 0.1 to 3.3 mm. 5.4.3.1.2 Plateau-Rayleigh instability domain -Lower boundary
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 510 Figure 5.10 -Minimum fibre speed to be applied as a function of the reservoir radius to avoid the occurrence of the Plateau-Rayleigh instability on the (plain) MicroPES TM and the (dash) Zeeweed TM fibres.
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 4321 Contact angle determination Contact angles between various non-porous polymer substrates and three liquids were measured using a goniometer. The polymers chosen are common membrane materials: polyvinylidene fluoride (PVDF), polysulfone (PSU), cellulose acetate and polypropylene (PP). The deposited liquids are water and the (21:23:56)62:19:19 monomer microemulsion discussed in Chapter 4. The investigated microemulsion demonstrated a different behaviour from that of water when deposited on the surface of the polymeric substrates. The (21:23:56)62:19:19 droplets exhibit a dynamic contact angle before reaching the equilibrium. This behaviour was observed mostly on PSU and PVDF substrates, as presented in Figure 5.11 and Figure 5.12.
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 511 Figure 5.11 -Evolution of the (21:23:56)62:19:19 microemulsion drop after deposition on PSU.
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 512 Figure 5.12 -Evolution of the (21:23:56)62:19:19 microemulsion drop after deposition on PVDF.
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 513 Figure 5.13 -Contact angles between various non-porous polymer substrates and (▀) water and (▀) the (21:23:56)62:19:19 microemulsion. Measurement done (dashed) 300 ms and (plain) 30 s after the drop deposition.
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 514 Figure 5.14 -Evolution of the dynamic capillary penetration of the microemulsion into the pores of the studied hollow-fibres in 1.1 s, depending on the contact angle between the liquid and the substrates.

  3 mm) and high fibre speeds (v fibre = [15.2 -19.8] m. min -1 ) allows to reach the saturation regime which leads to coatings of about 164 µm. It should be noted that, as explained in Section 5.4.1.2,

Figure 5 . 15 - 46 θ

 51546 Figure 5.15 -Minimum coating thickness to avoid a dewetting phenomenon depending on the contact angle between the microemulsion and the substrate.

( 21 :

 21 23:56)62:19:19 UV-TQ150 sample estimated in Chapter 4.

  of the (21:23:56)62:19:19 UV-TQ150 thin-film (as presented in Chapter 4, Section 4.2.2.2), we estimated permeability of the MicroPES TM and the Zeeweed TM composite hollow-fibres at 20°C, cf. Figure 5.16.

Figure 5 . 16 -

 516 Figure 5.16 -Water permeability at 20°C of the composite hollow-fibres depending on the (21:23:56)62:19:19 UV-TQ150 coating thickness. (magenta) Zeeweed TM and (orange) MicroPES TM fibres; (plain) maximum and (dashed) minimum permeabilities.

Finally, we estimated

  the impact of the coating thickness based on the permeability results from Chapter 4 for the (21:23:56)62:19:19 UV-TQ150 sample. We highlighted the need for a maximum layer thickness of about 25 µm to avoid a dramatic decrease of the composite hollow-fibres permeability (below 305 and 225 L.h -1 .m -2 .bar -1 for the MicroPES TM and the Zeeweed TM

  by three systems of various composite surfactant phase (HEMA:Synperonic TM A11: TergitolTM 15-S-12) compositions in Chapter 3. We chose to investigate the (0:50:50),(33:33:33) and(62:19:19) systems and constructed their associated pseudo-ternary phase diagrams. To that end, over 300 samples were investigated in each system using cross-polarised light observation, conductivity measurements, as well as PGSE-NMR and SAXS analyses. We first demonstrated the existence of nanometric lamellar and hexagonal liquid crystal structures, in absence of HEMA. Several unidentified domains remain to be studied to fully complete this preliminary work. We then demonstrated that the addition of HEMA led to a disorganisation of the identified liquid crystal structures, to give rise to transparent nonbirefringent domains. Based on conductivity, PGSE-NMR and SAXS analyses, we hypothesised that the organised structure occurring in the (0:50:50) is distorted upon HEMA addition to create a bicontinuous structure for intermediate water contents. We further assumed from the analyses presented that this bicontinuous monomer network swells when increasing the water content of the system, until its breakage when the aqueous channels cannot take in anymore water molecule, and ultimately the occurrence of a W/O micellar structure.In Chapter 4, we investigated the polymerisation of the (21:23:56)62:19:19, (46:8:46)33:33:33 and (46:8:46)33:33:33 compositions. We investigated three polymerisation processes: one chemical (RedOx) and two photochemical (UV-LED and UV-TQ150) initiation methods. Using SAXS and cryo-SEM analyses, we confirmed the evolution of the monomer systems during polymerisation for the three initiations tested, which was attributed to the blockage of the spinodal decomposition phenomenon taking place during the polymerisation of the system. The resulting polymer systems either exhibited interconnected nanostructures with larger porous domains (5-230 nm) compared to the monomer microstructure, or displayed an alternation of porous and dense structures, as a function of the composition and of the polymerisation method.

( 21 :

 21 23:56)62:19:19 RedOx, UV-LED and UV-TQ150 samples, as well as the (46:8:46)62:19:19 UV-TQ150 sample. We first evidenced that the three (21:23:56)62:19:19 samples display a MWCO of about 20, 22 and 145 kDa, respectively. The three (21:23:56)62:19:19 membranes can therefore be considered as UF membranes -low-UF for the UV-TQ150 sampleconsidering steric retention only. The permeability associated to these three samples was estimated using Poiseuille's law and demonstrated the need to polymerise films thinner than 25 µm to remain in a UF permeability range (i.e. Lp > 50 L.m -2 .h -1 .bar-1). Such a result is consistent with other reported results from the literature[1]. Plus, the present simulation evidenced that the anistropic nature of the UV samples led to a decreased permeability compared to the isotropic RedOx sample. We then compared this numerical estimation to an experimental evaluation of the permeate flux through ca. 100 µm thick (21:23:56)62:19:19 UV-TQ150 membranes. We concluded that for low applied pressure, the estimated fluxes were quite similar to the experimental ones. However, when increasing the pressure we observed a non-linear evolution of the flux as a function of the applied pressure, indicating a -reversible -atypical elastic behaviour of the polymer network.The (46:8:46)62:19:19 UV-TQ150 sample, in turn, was estimated to retain particles bigger than 68.4 nm with a retention coefficient of 0.9, associated to a permeability of 44,000-56,000 L.m -2 .h -1 .bar -1 for a 38 µm-thick membrane. We therefore conclude that the investigated (46:8:46)62:19:19 UV-TQ150 sample has a potential to act as a low-MF membrane regarding the selectivity (ca. 3,200 kDa), while still having typical MF permeabilities. One of the main features of the investigated polymer network is its cross-linked nature. Providing a good mechanical resistance of this material -which will have to be tested in further worksuch a membrane could be of high interest for solvent filtration.

Figure A. 13 -

 13 Figure A.13 -Self-diffusion coefficient of (△) MMA, (□) HEMA, (○) water and () non-ionic surfactants at25°C, along the(15:85) dilution line in the (left)(62:19:19) and (right)(33:33:33) systems.

Figure A. 14 -

 14 Figure A.14 -Self-diffusion coefficient of (△) MMA, (□) HEMA, (○) water and () non-ionic surfactants at25°C, along the(35:65) dilution line in the (left)(62:19:19) and (right)(33:33:33) systems.

A. 12 .

 12 Similarly to the (15:85) dilution line presented in Chapter 3, Section 3.4.2, we observe an increase in the MMA and HEMA self-diffusion coefficients above 25 wt.% MMA in the MMA to the surfactant phase ratio, due to the decrease in the surfactant quantity compared to the hydrophobic phase. We finally note that the self-diffusion coefficients of the non-ionic surfactants remain stable around 10E-11 m 2 .s -1 in both systems, for both dilution lines considered.
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Table 1 .

 1 2 -Structure and application of microemulsions depending respectively on the CPP and theHLB of the surfactant used[26]-[29].

	Structure	CPP	Application	HLB
	Spherical and ellipsoidal micelles	<	1 3	Antifoaming agent	2-4
	Cylindrical and rod-like micelles,	1 3	-	1 2	W/O emulsifier	4-8
	Vesicles and flexible bilayers	1 2	-1	Wetting agent	8-12
	Bicontinuous					
	structures and	~1	O/W emulsifier	12-16
	planar bilayers					
	Reversed structures	> 1	Solubiliser	16-20

Table 1 .

 1 3 -Structure and application of microemulsions depending respectively on the CPP and theHLB of the surfactant used. Adapted from Guo et al[34].

	Functional group	Davies and Lin et al.	Guo et al.
	Ester (free)	2.4	2.316
	-OH (free)	1.9	2.255
	-CH3, -CH2-, -CH-, -CH=,	-0.475	-0.475
	-CH2-CH2-OH	-	0.479

Table 1 . 4

 14 

-Liquid crystal structure and their associated d-spacing in XRD diffractograms and SAXS scattering curves.

  [START_REF] Schulreich | Bicontinuous microemulsions with extremely high temperature stability based on skin friendly oil and sugar surfactant[END_REF] [START_REF] Schulreich | Bicontinuous microemulsions with extremely high temperature stability based on skin friendly oil and sugar surfactant[END_REF] used the d and ξ parameters extracted from the Teubner-Strey model in order to determine the renormalized bending elastic constant κ SANS (cf. Eq. 1.21) while Tartaro et al. (2020)[START_REF] Tartaro | Microemulsion microstructure(s): A tutorial review[END_REF] linked the correlation length to the curvature modulus κ C using the effective length of the surfactant l s (cf. Eq. 1.22).

	ξ =	64. d 10. √3. π	.	κ SANS k B . T	Eq. 1.21
	ξ = l S . exp (	2. π. κ SANS k B . T	)	Eq. 1.22

end filtration Cross-flow filtration

  

	Dead-	
	Feed	
	Feed	Retentate
	Retentate	
	Permeate	Permeate

Hollow fibre with internal active surface Hollow fibre with external active surface 1.5 Membrane synthesis from surfactant-based organised templates 1

  .5.1 Synthesis of membrane materials from monomer microemulsions

	Flat sheet membrane		Spiral module
			Retentate
	Dead-end	
	feed	
	Cross-flow	Feed
	feed	
			Permeate
	Retentate	
	Permeate	
	Feed		Feed
		Permeate	Permeate
	Concentrate		Concentrate
	Tubular module
			Permeate
			Feed
	Concentrate		Permeate

Table 1 .

 1 6 -Composition of acrylate microemulsion systems containing MMA, their polymerisation process and associated application as presented

in the literature. Monomers Cross-linker Surfactant Co-surfactant Polymerisation process and initiator(s) Applications Reference Name Ionic charge NON-POLYMERISABLE SURFACTANTS

  

	MMA (24 wt.%) MMA (18 wt.%) MMA (18 wt.%) MMA (variable) (21.25 -29.75 wt.%) MMA (21.25 -29.75 wt.%) MMA (21 wt.%) (7.5 -20 wt.%) (0 -25 wt.%) MMA DMAEMA NIPAAm AA:MMA (1:1.25 wt.%) MMA (6 -57 wt.%) MAA (2 -44 wt.%) MMA (8 -44 wt.%) MMA (21 -33.6 wt.%) MMA (29.4 -42 wt.%) MMA (20 -60 wt.%) MMA (29.4 -42 wt.%) MMA (5 -35 wt.%) MMA (20 -35 wt.%) DMAEMA (21.25 -29.75 wt.%) MMA (21.25 -29.75 wt.%) MMA (10 wt.%) MMA (21 wt.%) AN (30.9 -42.8 wt.%) MMA (21 -33.6 wt.%) MMA (28 -34 wt.%) MMA (21 wt.%) MMA (18 wt.%) MMA (10 -21.25 wt.%) MMA (5 wt.%)	EGDMA (4 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (3 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (3 wt.% of monomers) EGDMA (2 wt.%) EGDMA (4 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (2,5 -4 wt.%) EGDMA (1.4 wt.%) EGDMA (0 -4 wt.%) EGDMA EGDMA (1.4 wt.%) (4 wt.% of polymerisable EGDMA (1 wt.%) compounds) EGDMA (4 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (3 wt.% of monomers) EGDMA (5 wt.% of monomers) EGDMA (2.5 -4 wt.%) EGDMA (4 wt.% of monomers) EGDMA (4 wt.% of monomers) EGDMA (3 wt.% of monomers) EGDMA (4 wt.% of monomers) -	SDS (12 wt.%) SDS (4 -8 wt.%) DTAB (6.8 -12 wt.%) DTAB (20 wt.%) CTAB (15 wt.%) AUTEAB (25 wt.%) PEO-R-MA-40 (35 wt.%) SDS (20 wt.%) SDS (1 -10 wt.%) POLYMERISABLE SURFACTANTS Anionic HEMA (16 wt.%) Anionic HEMA (42 wt.%) Cationic HEMA (42 wt.%) Cationic Cationic -Cationic HEMA (0 -10 wt.%) Non-ionic HEMA (5 -20 wt.%) HEMA Anionic AA Anionic HEMA (20 -54 wt.%) AUTMAB (17.5 -28 Cationic HEMA (9 -14.4 wt.%) AUDMAA (26.46 wt.%) Zwitterionic HEMA (0 -12.6 wt.%) AUDMAA (20 -40 wt.%) Zwitterionic -wt.%) AUTMAB (26.46 wt.%) Cationic HEMA (0 -12.6 wt.%) PUD (5 -35 wt.%) Anionic -AIPS (29 -34 wt.%) Zwitterionic -SURFACTANT MIX SDS (12 -90 wt.%) Anionic -SDS (15 wt.%) Anionic -CnTAB (10 wt.%) Cationic HEMA (40 wt.%) AUTEAB (25 wt.%) Cationic HEMA (10 wt.%) PEO-R-MA-40 (32.5-45 wt.%) Non-ionic -AUDMAA (17.5 -28 wt.%) Zwitterionic HEMA (9 -14.4 wt.%) NA11-EAAU (21 -25.5 wt.%) Anionic HEMA (21 -25.5 wt.%) SDS -NA11-EAAU (0 -100 wt.% ; Anionic HEMA (18 wt.%) AUTEAB (25 wt.%) HEMA 100 -0 wt.%) Cationic (10 wt.%) PEO-R-MA-40 (20 -42.5 wt.%) Non-ionic HEMA (10 -21.25 wt.%) 1.25 wt.%) DTAB-DDAB (3.75 wt.% -Cationic -	RedOx -APS/TMEDA RedOx -APS/TMEDA RedOx -APS/TMEDA APS/TMEDA UV -Irgacure ® 819 APS/TMEDA UV -DMPA UV -DMPA RedOx -RedOx -UV -DMPA UV -DBK RedOx -APS/TMEDA RedOx -APS/TMEDA UV -DMPA UV -DMPA RedOx -APS/TMEDA UV -DMPA UV -DMPA UV -DMPA UV -AIBN UV -Irgacure ® 819 UV -DBK RedOx -APS/TMEDA RedOx -APS/TMEDA RedOx -APS/TMEDA UV -DBK UV -DBK UV -DMPA, Irgacure ® 184 UV -DMPA UV -AIBN	---industry wastewaters healing Gas separation n and wound transplantatio Cell Treatment of textile ----------Treatment of textile industry wastewaters Ethanol separation by pervaporation --Treatment of -textile industry wastewaters --	Chieng et al. (1996) [74] Chieng et al. (1996) [17] Chieng et al. (1996) [17] (2018) [85] Peinado et al. (2006) [18] Figoli (2001) [105] (2006) [107] Wang et al. Galiano et al. Palani Raj et al. (1993) [109] Chieng et al. (1995) [104] Li et al. (1996) Chew et al. (1998) [79] Gan et al. (1995) [115] [106] Chew et al. Palani Raj et al. Gan et al. (2005) [116] (1992) [112] (1998) [79] Palani Raj et al. (1995) [110] Peinado et al. (2006) [18] Chieng et al. (1996) [21] Galiano et al. (2015) [84], (2018) [85] Liu et al. (2000) [111] Li et al. (1996) [106] Gan et al. (1994) [113] Chieng et al. (1996) [86] Galiano et al. (2018) [114] (1997) [108] Gan et al. Bléger et al. (1994) [87]

Table 1

 1 

	.7 summarises several LLC precursors developed in the past few decades, as well
	as their aimed application. Due to their ionic nature, two main application fields have been
	investigated: nanostructured transport materials and nanostructured membranes. In all
	the presented cases, the liquid crystal precursors have been polymerised and cross-linked

in order to give rise to nanoporous, monodispersed and highly resistant materials.

 Liquid crystals for nanostructured transporting membrane materials

[START_REF] Wiesenauer | Nanoporous polymer materials based on self-organized, bicontinuous cubic lyotropic liquid crystal assemblies and their applications[END_REF] 

[25] 

developed QII LLC precursors in a lithium salt-doped electrolyte and propylene carbonate, for materials with improved ionic conductivity (e.g. lithium batteries). Similarly,

[START_REF] Ichikawa | 3D Interconnected Ionic Nano-Channels Formed in Polymer Films: Self-Organization and Polymerization of Thermotropic Bicontinuous Cubic Liquid Crystals[END_REF] 

[START_REF] Henmi | Self-organized liquid-crystalline nanostructured membranes for water treatment: Selective permeation of ions[END_REF]

,

Frise et al. (2009) 

[START_REF] Frise | Ion conductive behaviour in a confined nanostructure: NMR observation of self-diffusion in a liquid-crystalline bicontinuous cubic phase[END_REF] 

and

[START_REF] Soberats | Ionic Switch Induced by a Rectangular-Hexagonal Phase Transition in Benzenammonium Columnar Liquid Crystals[END_REF] 

Table 2 .

 2 

	Lamp used	(46:

1 -Duration of the polymerisation process as a function of the composition for the two UV-lamps.

8:46)33:33:33 (46:8:46)62:19:19 (21:23:56)62:19:19 TQ150

  RedOx polymerisationAPS was added to 0.3 wt.% with respect to the total mass amount of the aqueous phase. TMEDA was added in an equimolar amount with respect to APS. The sample was casted prior to the system complete gelification, cf. Table2.2.

	2.2.1.2			
	(+100 s warming	3 min 20 s	1 min 20 s	20 s
	period)			
	LED	3600 s	120 s	60 s

Table 2 .

 2 2 -Gelification and deposition time for each composition polymerised using RedOx initiation.

	Lamp used	(46:

8:46)33:33:33 (46:8:46)62:19:19 (21:23:56)62:19:19

  

	Gelification time	5 min 1 s ± 41 s	6 min 20 s ± 27 s	2 min 56 s ± 14 s
	Deposition time	2 min	2 min	2 min

Table 2 .

 2 

	Compound	Air	Water	MMA	HEMA	EGDMA
	SLD (Å -2 )	1.01E-8	9.44E-6	8.60E-6	9.83E-6	9.57E-6

3 -Scattering length densities (SLD) of air, water and the three acrylate monomers used in this

project. Calculation carried out with the "SLD Calculator" tool of the SASView software.

  3.4.2.1.1 Self-diffusion coefficients D 0 of the pure compounds ....................................................................... 3.4.2.1.2 Self-diffusion coefficients D of the quinary solutions the (15:85) water dilution line ........

3.4.2.2 SAXS analysis ................................................................................................................................. 3.4.2.3 On the microstructure adopted by the systems upon water dilution .....................

Table 3 .

 3 .1. 1-Surfactant phase composition and for various HLB values.

		HLB mix = ∑ w i . HLB i	Eq. 3.1
			i	
		HLB i = 20	M hydrophilic group M molecule i	Eq. 3.2
	Composition name	(62:19:19)	(33:33:33)	(0:50:50)
	HLB	11.2	12.7	14.3
	HEMA	62.0 wt.%	33.3 wt.%	0 wt.%
	Synperonic TM A11	19.0 wt.%	33.3 wt.%	50 wt.%
	Tergitol TM 15-S-12	19.0 wt.%	33.3 wt.%	50 wt.%

Table 3 . 2
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	Sample	Water	MMA	Synperonic

-Composition (in wt.%) of the samples investigates using SAXS analysis.

TM A11:Tergitol TM 15-S-12

  

	N°1	36.8%	24.8%	38.3%
	N°2	44.9%	5.5%	49.7%
	N°3	11.9%	21.9%	66.2%
	N°4	30.0%	17.5%	52.4%
	N°5	79.9%	5.0%	15.0%

Table 3 .

 3 

	3 -Scattering peak positions and associated lattice parameter in the lamellar (N°1) and (N°2)
	samples.

Table 3 . 4
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	Self-diffusion coefficient (10 -9 m 2 .s -1 )	HEMA	Water	MMA
	Determined as part of this project	0.204 ± 0.006	2.32 ± 0.04	2.40 ± 0.05

-Self-diffusion coefficient at 25°C of pure water, HEMA and MMA using DOSY-NMR.

  and(62:19:19) systems respectively. The water relative self-diffusion coefficient increases from 0.12 and 0.15 to 1, for the(33:33:33) and(62:19:19) system respectively. This increase indicates an expansion of the surface area available for the movement of water molecules upon water dilution. Above 85 wt.% of water, the relative self-diffusion coefficient of water is equal or higher than 0.8, indicating that the aqueous phase is becoming a continuous phase in the system.

It should be noted that the self-diffusion coefficients of water behave non-linearly when considering the full dilution range of water, for both

(33:33:33) 

and

(62:19:19) 

systems.

However, if only high-water contents are considered, a linear evolution of the coefficient is observed -above 45 wt.% in both systems -and the diffusion coefficient of pure water (2.4E-9 m 2 .s -1

  wt.% and 85 wt.% water, for the(62:19:19) and(33:33:33) systems respectively. Finally, we note that the intensity of the peaks decreased between the (33:33:33) and the(62:19:19) systems.We also observe that the maximum of both peaks of each shift towards smaller values of scattering vector upon water dilution up to 65 wt.% and 75 wt., for the (62:19:19) and(33:33:33) systems respectively. This behaviour indicates the occurrence of a nanometric microstructure, growing upon water addition. Above such an amount of water, the peaks start to merge into one peak and an increase of the signal intensity for low scattering vectors is observed, which indicates the appearance of a structure factor and thus interactions between

objects constituting the solution. Such a pattern is typical micellar scattering curves

[2]

,

[13]

-

[15] 

for water content above 75 wt.% in the (62:19:19) system and 85 wt.% in the (33:33:33) system.

3.4.2.3 On the microstructure adopted by the systems upon water dilution

In order to conclude on the microstructure of the (33:33:33) and

(62:19:19

) monomer self-

4.3 INVESTIGATION OF (46:8:46)62:19:19 AND (46:8:46)33:33:33 COMPOSITIONS

  

..... 4.3.1 Microstructure of the polymer depending on the initiation method .............................. 4.3.2 Analysis of the (46:8:46)62:19:19 UV-TQ150 sample ................................................................

4.2 Complete case study: (21:23:56)62:19:19 composition

  The (21:23:56)62:19:19 composition was developed in our research team by Sanz et al.[1]. This formulation belongs to the bicontinuous domain of the (62:19:19) system, as presented in

Table 4 .

 4 1 -Statistical analysis of the pore distribution of the selective domain of (21:23:56)62:19:19 asymmetric polymer membrane as a function of the initiation method.

	Initiation method	Mean radius (nm)	Pore radius range (nm)
	UV-TQ150	14 ± 11	4.5 -63.1
	UV-LED	7 ± 4	3.9 -17.0
	RedOx	7 ± 4	1.5 -15.5

Table 4 .

 4 

	2 -Teubner-Strey parameters extracted from the (21:23:56)62:19:19 UV-LED polymer before its
	washing.			
	Periodicity	Correlation length	Amphiphilicity factor	Polydispersity factor
	𝐝 (Å)	𝛏 (Å)	𝐟 𝐚	𝐤 𝐩 . 𝛏
	63.5	36.5	-0.86	3.61

Table 4 .

 4 

2). Upon the polymer water washing -and surfactant removal -we observed pores with a diameter of about 14 nm using cryo-SEM analysis in Section 4.2.1.1. We also know that the (21:23:56)62:19:19 investigated composition contains 59.7 wt.% of monomer, 19 wt.% of water and 21.3 wt.% of non-polymerisable non-ionic commercial surfactants. Upon polymerisation -and assuming a full conversion of the monomers -the polymer matrix and the aqueous channels containing the surfactants then respectively represent 59.7 wt.% and 40.3 wt.% of the overall material. Based on the technical data sheet provided by the manufacturers, both Synperonic TM A11 and Tergitol TM 15-S-12 have a density around the unity. Right after polymerisation, the porous channels are then composed of 19 vol.% of water and 21.3 vol.% of non-polymerisable

Table 4

 4 .3. r hydro is expressed in nm and M w is the PEG molecular weight (g.mol -1 or Da).

	r hydro = 0.01673M w	0.57777 (750 Da < M w < 35 kDa)	Eq. 4.3
	r hydro = 0.01044M w	0.587 (M w > 35 kDa)	Eq. 4.4

Table 4 .

 4 

	Initiation method	Hydrodynamic radius of retained particles (nm)	PEG MWCO (kDa)
	UV-TQ150	11.2	145
	UV-LED	5.4	22

3 -Minimum hydrodynamic radius of the particles retained by the (21:23:56)62:19:19 polymer membranes and the MWCO associated for 𝑅 𝑚 = 0.9, as a function of the initiation method.

  4.2.2.2 Water permeability of the (21:23:56)62:19:19 membrane Based on the cryo-SEM analysis, we were able to determine the pore size range of the (21:23:56)62:19:19 samples, for the three types of polymerisation initiations considered. We now

Table 4 .

 4 4 -Determination of the pore size rm upon modification of the applied pressure during water

	filtration from 0.2 to P bar.			
	𝚫𝐏 =	𝐏 𝟎. 𝟐 𝐛𝐚𝐫	𝐉 𝟐𝟎 (𝐏) (m 3 .m -2 .h -1 )	𝐑 𝐉𝟐𝟎	𝚫𝐫m
			M112		
		1	16.9	1	1.00
		2	124.1	7.4	1.38
		4	430.5	25.5	1.59
		5	628.3	37.3	1.65
			M82		
		1	8.3	1	1.00
		2	29.2	3.5	1.15
		4	111.1	13.5	1.35
		5	212.9	25.8	1.51

Table 4 . 5

 45 

-Experimental coating thickness obtained from SEM observation and permeability associated to the investigated ranges of applied pressure.

Sample Coating thickness (µm) Investigated pressure domain (bar) Water permeability (L.m -2 .h -1 .bar -1 ) Pressure increase Pressure decrease PES-(21:23:56)62:19:19_1

  

		75 ± 13	0.2 -2.0	No linear behaviour
	PES-(21:23:56)62:19:19_2	29 ± 2	0.3 -2.0	No linear behaviour
	PES-(21:23:56)62:19:19_3	60 ± 6	0.3 -1.5	1.24	1.19
	PES-(21:23:56)62:19:19_4	52 ± 4	1.5 -5.9	0.86	0.75

We also observe that the flux does not evolve linearly over the 0.2 -2.0 bar range, similarly to the asymmetric (21:23:56)62:19:19 membrane discussed above. The PES-(21:23:56)62:19:19_1 and

Table 4 .

 4 6 -(46:8:46) systems polymerisation duration, as a function of the initiation method.

	Initiation method	(46:8:46)33:33:33	(46:8:46)62:19:19
	UV-TQ150	3 min 20 s (+100 s warming period)	1 min 20 s (+100 s warming period)
	UV-LED	1 h	2 min
	RedOx	> 5 min	> 6 min

Compared to the other five samples, the (46:8:46)62:19:19 UV-TQ150 sample is quickest to be polymerised, cf. Table

Table 4 .

 4 7 -Theoretical water permeability at 20°C of the (46:8:46)62:19:19 UV-TQ150 polymer membrane, as a function of the tortuosity factor τ.

	Sample	Permeability (L.m -2 .h -1 .bar -1 ) for τ = 1.06	Permeability (L.m -2 .h -1 .bar -1 ) for τ = 1.35
	Thin-film area (hthin-film = 0.55 ± 0.04 µm)	120,000	94,000
	Porous area (hporous area = 37.5 ± 0.9 µm)	104,000	82,000
	(46:8:46)62:19:19 asymmetric membrane	44,000	56,000

2 3

 3 [10]. This thickening factor is dependent of the surfactant concentration in the solution, cf. Eq. 5.15. Where Ma is the Marangoni number (cf. Eq. 5.16), c is the surfactant volume concentration, ν * an intrinsic velocity depending on the surfactant, Γ max the surface excess concentration, γ and η the solution surface tension and viscosity of the solution.

	α ≈ ( 4 MaΓ max γ MaΓ max γ ν * ηc ν * ηc + 2r fibre + 2r fibre	2 3 )	Eq. 5.15
	Ma = -	Γ max γ	(	∂γ ∂Γ max	)		Eq. 5.16

Table 5 .

 5 3-Physico-chemical parameters of the microemulsion considered in this simulation. The membrane data sheets are available in Appendix 5. The geometrical properties used for all the analytical determination are reported in Table 5.4.

	Density (kg.m -3 )	Viscosity (mPa.s)	Surface tension (mN.m -1 )	Capillary length (mm)
	1024 ± 2	7 ± 2	30.1 ± 0.2	1.76
	In the following simulation, two commercial hollow-fibre membranes have been considered:
	the Type TF10 MicroPES TM (3M -previously Membrana) and the Zeeweed TM 500S (General
	Electrics -previously Suez) fibres.		

Table 5 .

 5 4-Geometric parameters of the fibres considered in this simulation.

	Hollow fibre	Membrane type	Outer radius (µm)	Inner radius (µm)	Pore radius (µm)
	MicroPES TM	MF	250	150	0.25
	Zeeweed TM	UF	800	450	0.036

Table 5 .

 5 5 -Bond number and critical value for the determination of the dip-coating domains forthe two hollow fibre studied.

	Hollow fibre	Bond number	√𝛄. 𝛒. 𝐫 𝐟𝐢𝐛𝐫𝐞 (Pa.s)
	MicroPES TM	0.020 << 1	η << 8.1 10 -2
	Zeeweed TM	0.207 << 1	η << 15.9 10 -2

Table 5 . 6 .

 56 At equilibrium, a 280 µm thick and 80 µm thick coating have to be deposited on the Zeeweed TM and the MicroPES TM respectively in order to completely saturate the pores. Based on the results from section 5.4.1.2, we evidenced that the coating deposited on the surface of the MicroPES TM -for a fibre speed range of [0-19.8] m.min -1 and a reservoir radius (excluding the fibre radius) from 0.1 to 3.3 mm -is always thinner or equal to 80 µm. The same conclusion is drawn for the Zeeweed TM , as the coating is always thinner than 280 µm for the investigated operating conditions. Therefore, the liquid may theoretically penetrate the totality of the porosity of both fibres, if the fibre is exposed to the liquid long enough to reach equilibrium. Such a behaviour can lead to non-homogeneous pore filling and defects, and ultimately to uncontrolled permeability and selectivity.

	Table 5.6 -Estimation of the minimum coating thickness to saturate the pores at equilibrium -
	for the 1 m of fibre.		
	Hollow-fibre membranes	Zeeweed TM	MicroPES TM
	Pore surface (m²)	4.02E-03	1.26E-03
	Wall thickness (µm)	350	100
	Accessible pore volume of the fibre (m 3 )	1.41E-6	1.26E-7
	Minimum coating thickness to saturate the pores (µm)	280	80
	 Dynamic penetration of the liquid		

Table 5 .

 5 

	7 -Estimation of the minimum coating thickness to saturate the pores before full
	conversion at 80% lamp power -for the 1 m of fibre.		
	Hollow-fibre membranes Zeeweed TM (θ = 10°) MicroPES TM (θ = 17°)
	Pore surface (m²)	4.02E-03	1.26E-03
	Wall thickness (µm)	350	100
	Pore penetration in 1.1s (µm)	203	100 (746 µm > h fibre )
	Maximum deposited thickness penetrating to the pores in 1.1 s (µm)	162	80
	Unlike the MicroPES TM hollow-fibre membrane, the Zeeweed TM fibre exhibits thicker coatings
	-up to 164 µm -in the same investigated reservoir radius and fibre speed ranges. For specific
	operating conditions ( r reservoir ≥ 0.22l c = 0.4 mm; v fibre = [0.8 -19.8] m. min -1
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Intermediate conclusions:

We discussed the possible microstructure adopted by the (33:33:33) and (62:19:19) systems based on DOSY-NMR, conductivity and SAXS analysis. Even if we were not able to definitely conclude, we suggest the occurrence of an interconnected structure (bicontinuous microemulsion or sponge phase -i.e. surfactant monolayer or bilayer) originating from the dilution of the lamellar structures with HEMA molecules. Such an assumption is in good agreement with the analyses presented in this manuscript and the literature. However, the discussed microstructure could also result from the system co-solubilisation with HEMA and the occurrence of dynamic nanostructures, as briefly discussed in Section 3.3.2. We therefore advise, as an example, to further investigate the hypothesis of a transition from a flexible system to ultraflexible system upon addition of HEMA in future work [23].

To assess the whole transparent non-birefringent zones of the (62:19:19) and (33:33:33) systems, we also investigated the microstructure of the acrylate systems through two additional MMA:surfactant phase dilution lines, while maintaining a constant water content in Appendix 4. Through SAXS and DOSY-NMR analyses, we obtained a similar conclusion to the one presented for the (15:85) water dilution line above. We however notice an increase in the organic and aqueous structures when decreasing the ratio of surfactant phase to MMA.

In order to conclude on the microstructure, we propose to carry out two analyses. The first one is a Small-Angle Neutron Scattering (SANS). Indeed, using contrast extinction, it is possible to investigate the microstructure adopted by each compound. Such an analysis could be combined with a visualisation of the global microstructure using a liquid cell transmission electron microscopy, i.e. observation of the liquid in a closed environmental cell that is transparent to the electron beam [35]. This method allows the liquid to be observed without being frozen, while still preventing its evaporation. The development of 3D tomography on liquid cell TEM seems also a promising technique to visualise the microstructure and conclude on the microstructure of the self-assembled monomer system [36].

Intermediate conclusions:

The polymerisation of the (46:8:46)33:33:33 and (46:8:46)62:19:19 compositions using the UV-LED, UV-TQ150 and RedOx initiation methods confirmed the evolution of the microstructure during the polymerisation process, due to the non-polymerisable nature of the surfactants used, as discussed in Section 4.2.1.1. However, unlike the (21:23:56)62:19:19 composition the water to monomer ratio of the (46:8:46)33:33:33 and (46:8:46)62:19:19 are respectively 2.6 and 1.6 times lower than for the previous case study. We therefore hypothesised that decreasing to monomer content decreases the ability of the system to withstand the structural change for longer, resulting in a less homogeneous and a less continuous polymer network. We therefore concluded that the fastest initiation method made it possible to initiate the maximum radicals before the bicontinuous structure cleavage and to maintain a uniform porous structure. Such a behaviour is in good agreement with the occurrence of a spinodal decomposition phenomenon during polymerisation. Indeed, the appearance of a radical monomer associated with the growth of the polymer chains will subsequently lead to the coalescence of the organic monomer domains. When blocking the destabilisation of the system by increasing the viscosity (i.e. increasing the conversion rate), the destabilisation of the system is then stopped and the final microstructure is obtained. Therefore, the polymerisation kinetics and the gel point onset time govern the polymer microstructure. Modifying the composition and/or the initiation method will modify these two parameters and thus impact on the resulting polymer structure.

In the following, we will discuss the (46:8:46) Critical velocities can be determined (cf. Eq. 5.12, Eq. 5.13) to delimit the visco-inertial from the divergence regimes (V i * ) as well as the viscous boundary from the expulsion droplets regimes (V e * ) [10]- [12].

Eq. 5.12 V e * = r reservoir . γ L reservoir . η Eq. 5.13

Quéré and De Ryck [11] also proposed a single equation to relate the visco-capillary, the viscoinertial, the divergence and the saturation regimes (Eq. 5.5). This equation is based on the mathematical connection of dynamic and static menisci. 

-value for which β(h 0 ) → 0 . This last limitation is based on the appearance of the divergence when the Weber number is increased and that β(h 0 )We → 1. When the saturation is reached, the deposited thickness only depends on the reservoir aperture. The Eq. 5.6

describing the thickness deposited in the saturation regime is however a rough approximation of the reality, as the initial hypotheses -existence of a static meniscus and h 0 < r fibre -are no longer verified.

If the visco-capillary and visco-inertial domains are mostly studied in order to achieve a thin coating on fibres, the viscous boundary regime (cf. Eq. 5.8) may lead to thin and controlled coatings. The only additional constraint is the need to monitor and to control the liquid bath height, to avoid any depletion of the reservoir and thus a modification of the coating thickness.

Complex surfactant-based solutions

The various laws presented in Section 5.3.1 are only applicable for linear and homogeneous solutions. However, the fluids used in the industry are rarely similar to such simple liquids and the previous ideal models must be modified according to the specific properties of the complex fluids considered. An emphasis will be made on surfactant and colloidal solutions, as well as emulsions, in the following section.

can either be of identical composition to the liquid reservoir or depleted in the discontinuous phase, as discussed for the colloid suspensions in Section 5.3.2.2. Experiments evidenced that the O/W emulsion deposited on the fibre did not follow the LLD for various tested oil compositions. Indeed, at low oil concentrations the actual thickness is less than that predicted by the LLD and is independent of the fibre speed. For higher oil concentrations, the results follow the LLD which might indicate a demixing of the emulsion. The authors confirmed an oil enrichment has taken place during the coating of concentrated emulsions, confirming the last statement.

Quéré and de Ryck developed a capture model to describe the atypical behaviour of the coated emulsions, cf. Eq. 5.23. This law assumes that the deposited thickness is dependent on the volume fraction ϕ and the radius

of the droplets of the dispersed phase.

The authors however pointed out that this model assumes that the adhesion of the oil droplets can be ensured by the Van der Waals forces between the oil and the fibre. Indeed, these forces have range (ca. 100 nm) smaller than the particle diameter, which allows the oil capture to occur by contact with the fibre. Plus, this captured oil droplet can be easily deformed inducing a good adhesion and a good resistance to the viscous force in the dynamic meniscus, allowing the particle to remain in the thin-film. The authors also neglected the time dependence to establish the Eq. 5.23. If the time spent by the emulsion on the surface of the fibre is long enough for the particles to move through Brownian motion over a distance greater than the particle diameter, then the latter equation must be corrected to incorporate a time dependence. 

 The evidence of the difficulty of adapting the microemulsion coating on hollow-fibre geometry using a dip-coating process in the visco-capillary and visco-inertial domains,

for industrial separative applications.

PERSPECTIVES

In the last sub-section of this manuscript we suggest future perspectives as a follow-up to the present research work:

 We were not able to reach a definitive conclusion on the microstructure adopted by the monomer system prior to polymerisation -which was not the inherent aim of this PhD project. In order to elucidate the structure adopted by the system, we first advise to simplify the system by using only one pure non-ionic non-polymerisable surfactant. Once such a system has been clarified, a second surfactant could be added. Finally, after these two steps a system consisting of mix of commercial surfactants could be thoroughly investigated.

 We suggest to further investigate the origin of the elastic behaviour of the (21:23:56)62:19:19 polymer membrane we experimentally evidenced in Chapter 4 by monitoring the retention of PEOs as a function of the pressure and investigating the mechanical properties in compression. Depending on the results of these two analyses, the material may be considered for catalytic application. Indeed, if the pore size of the polymer network can be tuned as a function of the applied pressure, the entrapment of metallic (e.g. palladium or gold) nanoparticles could also be performed by filtration of a solution containing nanoparticles under successive pressure ranges. When increasing the pressure, the nanoparticles could penetrate inside the aqueous channels. Then, lowering the applied pressure could trigger their entrapment into those channels due to the reversible decrease of the pore size. Finally, the filtration of solutions at low pressures -to prevent the enlargement of the pores and the release of the trapped nanoparticles -may allow catalytic reactions at liquid state to be carried out [3]- [5].  In this manuscript, we detailed that both the interfaces (Marangoni effect) and the initiation method (polymerisation kinetics) impacted on the final polymer microstructure. We suggest to investigate both phenomena to better understand the modification of the self-never be conducted. We hypothesise that some corrective factors may have be applied on the simulation presented to fit the experimental situation.

 A last perspective to this work is the comparison of the performances of microemulsion coatings to those achieved with block copolymers [6]. Indeed, both methods may result in composite membranes with increased performances. One may for example discuss the cross-linking of both polymer coatings, as well as their pore density and pore size or the possibility of dip coating the fibres using each method. One of the aim of this project was to investigate and better control the various operating parameters that have an impact on the polymer microstructure resulting from microemulsion polymerisation. Indeed, to our knowledge -apart from the choice of the initiator [1], [2] -no work has been carried out on the selection of the polymerisation operating parameters prior to the polymerisation of the nanostructured microsystem. Therefore, the following sections will detail in a non-exhaustive way the impact of the operating parameters of the microemulsion polymerisation on the final polymer microstructure.

We will first discuss how the oxygen depletion method can modify the monomer composition prior to polymerisation. Will then investigate the impact of the substrate hydrophilicity on the final polymer microstructure. The influence of the UV the lamp module as well as the photoinitiator used will then be discussed. Finally, the washing step following polymerisation will be discussed and the polymer conversion method evaluated.

This appendix will answer the following questions:

 How to combine both oxygen depletion and composition preservation?

 How will the properties of the substrate impact on the final polymer microstructure?

 Why is the washing step crucial when polymerising microemulsified templates?

Oxygen elimination prior to polymerisation

In order to eliminate the oxygen of the atmosphere -to increase the polymer conversionseveral options can be considered. The most common method used in the literature is working under inert conditions, e.g. under argon or nitrogen atmosphere. We however evidenced that the microemulsion evaporates when exposed to a dry argon gas flux (1.5 ± 0.9 L.min -1 ), leading to a 20% weight loss in less than 10 min for a thin-film of 100 µm. This loss is attributed to the evaporation of MMA -and to a lesser extent water -as presented in Therefore, casting a microemulsion thin-film under inert conditions will result in the partial evaporation of the liquid microemulsion and as a result the modification of its composition. In order to avoid this side-effect, some solutions have been discussed: bubbling of the inert gas into a sacrificial microemulsion solution before its introduction into the inert UV-chamber, utilisation of oxygen scavengers or polymerisation of the microemulsified solution into a closed mould transparent to the UV radiations. The first solution involves the saturation of the atmosphere with the microemulsion. This approach presents however a severe drawback that is the possibility to polymerise the monomer in suspension in the vapour phase when irradiating the UV-chamber. However, working with the LED lamp allows to avoid the wavelength range where the acrylate will react with the UV-radiation. This solution is therefore viable, but not applicable to our set-up which requires a continuous gas flush and therefore will lead to the continuous depletion of the microemulsion monomers and water and a variation of the saturated gas composition.



Addition of oxygen scavengers

The second solution consists of the addition of oxygen scavengers into the solution. These species will react preferentially with the oxygen and prevent the premature termination of the polymerisation process. Two oxygen scavengers have been considered in our study: the triethanolamine (TEOA) and the triethylamine (TEA). To determine their respective impact on the polymer conversion, we determined the conversion rate as a function of the oxygen scavenger quantity using ATR-FTIR analyses. The microemulsion was polymerised for 180 s under the Hoenle LED Cube 100 UV. The resulting upper surface of the sample -in contact with the air -was immediately analysed using an ATR-FTIR apparatus. The conversion rate π is determined using the Eq. A.48, using the area A C=C under the characteristic peak of the vinyl bond of the monomers at 817 cm -1 , cf. Figure A.4. We must keep in mind that the conversion rate obtained is the maximum conversion rate obtained in the system: the UV penetration will decrease with the microemulsion thickness and so will the polymer conversion. 

Absorbance

Wave number (cm -1 )

Eq. A.48

Figure A.5 -Monomer conversion of the microemulsion measured on the upper surface exposed to UVradiation for 180 s under the Hoenle LED Cube 100 UV as function of the quantity of () TEOA and (△)

TEA added in solution.

We evidenced that both the TEA and TEOA led to an increase in the conversion rate by ca. 10%

as soon as 0.5 wt.% of oxygen scavengers are added, as seen in Figure A.5. The addition of these compound may however destabilise the system and modify the microstructure. Hence, a small amount of the compound must be added to increase the polymerisation process, without significantly impacting the initial microstructure. Both products seem to increase the polymer rate in quite similar ways. However, the TEOA molecules are less sensitive to the temperature, unlike the TEA whose boiling point is 89°C. As seen in the previous section, the temperature of the solution increases greatly during the polymerisation reaction. Therefore, using the TEA might lead to partial evaporation of the scavenger, which is toxic. For safety concerns, the TEOA is more suitable for our application. Plus, this compound is highly soluble in water below 15°C and can therefore be easily removed from the polymer network.

The weight loss of a 100 µm-thick microemulsion thin-film in contact to the atmosphere was then determined by gravimetric analyses, cf. We only considered using oxygen scavengers for photopolymerisation reaction. Indeed, these species can act as a reductor in presence of the oxidant compound and start the RedOx initiation and their role as an oxygen scavenger would therefore be affected.

 Utilisation of a UV-transparent mould

The last alternative we discussed is the use of a UV transparent mould as an alternative to the casting knife. Using a mould is an interesting solution as it allows to polymerise the microemulsion into inert conditions, without needing an inert gas chamber. The UV intensity received by the microemulsion might be slightly lower because borosilicate and quartz both interact somewhat with the UV-radiation. The main drawback of this method is the impossibility of adapting this method for the deposition of thin layers without increasing the capillary penetration of the liquid into the substrate pores.

Plus, Chieng's work [3] brings to light a microstructure's gradient depending on the medium surrounding the liquid microemulsion. When in contact with the glass plate, a smaller porosity is observed compared to the bulk polymer. In the same way the microemulsion surface exposed Due to the wavelength of the Hoenle UV LED Cube 100 of 385 nm, the HMP is out of range for our application as its absorbance is too low to trigger the initiation step. Both the DMPA and the benzophenone display an absorbance of 0.5 at the LED UV lamp wavelength, while the 4hydroxybenzophenone and the Irgacure ® 819 display an absorbance higher than the unity.

These photoinitiators may therefore be suitable for our polymerisation process.

Only the Norrish type I photoinitiators will be now considered as they do not require an extra initiation step, unlike the type II photoinitiators. The photoinitiator choice is thus narrowed to the DMPA (λ max ≈ 250 nm) [7] and the Irgacure ® 819 (λ max ≈ 290 nm) [8]. Considering the absorbance of both product at 285 nm as a function of the quantity of product added in solution, one might be tempted to directly choose the Irgacure ® 819 to initiate our system. However, we XIII observed some difficulty to polymerise our system using this photoinitiator. The same behaviour was reported by Galiano [1] and was attributed to the sensitivity of the chemical compound to the non-binding doublets of the oxygen and thus of the inert conditions during the polymerisation. Our experiments revealed that the inert operating conditions available in our laboratory where not sufficient to avoid the compound inhibition.

We therefore decided to work with the DMPA photoinitiator which is not as sensitive to the inert conditions. The quantity of photoinitiator added was chosen based on Galiano's work [1] for a similar acrylate bicontinuous system. Both TQ 150 (Hereaus, Germany) and LED Cube 100 (Hoenle, Germany) UV sources (cf. Appendix 2) can be used to initiate the photopolymerisation in the microemulsion system. However the latter will need the addition of 2 wt.% of DMPA whereas the former can be used without any addition of photoinitiator, as the acrylate compounds will react with the UVC radiation [5], [6]. It should be noted that even if the microemulsion can polymerise spontaneously under the TQ150 irradiation, the addition of DMPA may enhance the reaction, and increase the conversion rate, as reported in Figure A.8. 

 Comparison of the TQ150 and the LED UV-lamps

The polymer networks obtained using the polychromatic mercury high-pressure TQ 150 and the LED Cube 100 UV sources have been compared. The main difference between these two lamps is their poly-or monochromatic feature. The TQ150 lamp emits over a wide range of wavelengths, cf. Appendix 2, while the Hoenle lamp only radiates at a wavelength of 385 nm. If the polychromatic radiations may lead to a quicker initiation, we note that the lamp exhibit a warm-up period of ca. 100 s during which only IR-radiation are emitted that may result in an XIV increase of the sample's temperature. A temperature increase in the sample may lead to various phenomena such as a variation of structure or the liquid evaporation prior to its polymerisation.

We investigated the top surface (i.e. the surface in direct contact with the UV-radiation) of a microemulsion sample polymerised under both the TQ150 polychromatic and the UV-LED monochromatic lamps, without a top glass surface preventing evaporation. The SEM images of both samples presented in Figure A.9 show that the polymer obtained using the polychromatic lamp exhibits surface defects -i.e. nanometric holes -unlike the sample obtained using the monochromatic lamp. We assume that this behaviour can be due to either an increase of the sample temperature or a different polymerisation kinetics. Thus, the choice of the lamp used during the curing is crucial. It is well known that acetone alters the properties of polymeric membranes and must not be used for their washing. We might therefore wonder if the organic solvents commonly used for the cross-linked polymer network are appropriate for our system. If one of the polymer is damaged due to the exposure to the washing solvent, the investigated complex polymer network might also be affected to some unknown extent. In order to determine the stability of the homopolymer found in our microemulsified polymer template, we synthesised several PHEMA and PEGDMA thin-films using UV-polymerisation 

XVI

We observe that ethanol, acetone and methanol all deteriorate the PHEMA and PMMA structure. Water is the only solvent to maintain both PHEMA and PMMA polymer integrity. We decided not to test any other solvents, as we expect a similar impact of organic solvent on these quite sensitive homopolymers. PEGDMA however was not affected by any of the investigated solvent, due to its cross-linked structure. We therefore assume that the use of these solvents on the cross-linked polyacrylate system will have no -or little -impact on the microstructure, especially if the organic solvent is diluted and applied for a short period of time.

However, in order to avoid any possible damages on the cross-linked polyacrylate network synthesised, water was chosen as the exclusive washing solvent. This solvent is also cheaper and less toxic than the considered organic solvents. Plus, as we know that MMA evaporates quickly upon heating, we assume that only unpolymerised HEMA, EGDMA and surfactants are to be eliminated from the polymer system. The HEMA being miscible with both EGDMA, water and the surfactants, we can therefore safely conclude that several successive water baths will be sufficient to completely remove the unreacted compounds from the cross-linked polymer network.

Finally, some authors also use a gravimetric method in order to determine the polymer conversion of their system [5], [7], [8]. To do so the polymer is weighed after each step of the washing process presented in Figure A.10, in order to determine the loss unpolymerised material. Note that a drying step is also applied after the organic and water washing. The polymerisation rate is most of the time determined using the third step, based on the assumption that the unreacted monomer will be removed by immersion in an organic solvent bath. We however evidenced that MMA molecules are highly volatile and therefore can be removed during the drying step. One might therefore question the appropriateness of the gravimetric method for the determination of the conversion rate for this type of system. In our work, the ATR-FTIR monitoring was adopted to determine the conversion rate of the monomer system, as reported in the previous sections. values of self-diffusion coefficient in the range of 1E-10 to 7E-10 m 2 .s -1 . We also observe that the MMA, water and HEMA self-diffusion coefficients all increase when the amount MMA in the ratio MMA to the surfactant phase is increased above 25 wt.%. This increase is consistent with the position of this dilution line on the pseudo-ternary diagram: increasing the ratio of MMA implies decreasing the surfactant quantity in the system and therefore approaching the transition to an emulsion structure, where the structures are bigger due to the lower amount surfactant molecules in the system. XX Similarly to the conclusion drawn in Chapter 3, Section 3.4.2.1, none of the self-diffusion determined in these dilution lines are consistent with the occurrence of a continuous phase.

 SAXS analyses

The small-angle X-ray scattering curves of the (15:85) and ( 35 systems. The X-ray source used for these analyses was less powerful than the one presented in Chapter 2 and produced a flow of 18.10 6 ph.mm 2 .s -1 . Each sample was exposed to the X-ray beam 1200 s at room temperature (23°C). We first note that the scattering curves obtained are quite similar for both surfactant compositions. As for the (35:65) dilution line, two broad peaks are observed for both systems. These peaks are more or less well-defined as a function of the MMA to the surfactant phase ratio. Once again, all scattering curves are quite similar to those for a similar water content in the (15:85) water dilution lines. We also observe that increasing the ratio of MMA broadens the peaks and decreases its intensity, especially for the (33:33:33) system. This indicates a less stiff interface and a decrease of the long-range order in the system. The peaks also shift towards smaller scattering vectors values, indicating an increase of the size of the structure when decreasing the ratio of surfactant phase to MMA.

Intermediate conclusions:

The DOSY-NMR and SAXS analyses highlight a similar behaviour to the monomer selfassembled system discussed in Chapter 3 as the MMA to surfactant phase ratio was modified. Logically, we observed that an increase of MMA in this ratio leads to an increase of the organic structure size but also did not modify the microstructure of the systems. This behaviour is consistent with the pseudo-ternary phase diagram of the quinary system, as an increase of MMA to the surfactant phase brings the system closer to the emulsion boundary, and thus creates bigger structures.

The results presented in this appendix tend to indicate the occurrence of an identical structure in the transparent non-birefringent domain of each system, for similar water content. The only significant difference we identified when modifying the MMA to surfactant phase ratio is the increase of the organic structure upon decrease of the surfactant quantity and therefore the receding towards the emulsified zone, and thus the micrometric structures.