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Hydrogels, which are networks of polymer chains in water, are characterized by porous and hydrophilic structures that make them in principle advantageous materials used in the field of filtration. Controlling the transport of solute and particle in such polymer networks can be achieved by controlling their microscopic morphology and porosity.

In this thesis, we design free-standing composite hydrogel membranes based on the polymerization of poly (ethylene glycol) diacrylate PEGDA in the presence of poly (ethylene glycol) PEG chains. We investigate the effect of PEG concentration and molar mass on the water permeability properties as well as the selectivity of PEGDA/PEG composite membranes and their link with their structural properties. We show that the PEG chains remain irreversibly trapped in the PEGDA matrix even after several filtration cycles which contradicts existing literature reporting the use of PEG chains as templating agents to induce porosity in cross-linked matrices. We observe that the addition of PEG chains, with different concentrations and molar masses, allows to tune the water permeability of the PEGDA/PEG hydrogel systems over several orders of magnitude. We show that the permeability presents a maximum with the overlap concentration of PEG chains, which is a robust phenomenon observed for several molar masses. In addition, we investigate the selectivity of the PEGDA/PEG membranes by filtering polystyrene particles of different sizes. Our results suggest that the presence of PEG chains in the PEGDA matrix provides some local nanoscale defects in the cross-linking density that may control the permeation of particles and water across the samples.

RÉSUMÉ

Les hydrogels, qui sont des réseaux de chaînes de polymères dans l'eau, sont caractérisés par des structures poreuses et hydrophiles qui en font en principe des matériaux avantageux utilisés dans le domaine de la filtration.

Le control du transport des solutés et des particules dans ces réseaux de polymères peut être réalisé en contrôlant leur morphologie microscopique et leur porosité. Dans cette thèse, nous concevons des membranes d'hydrogel composites autoportantes basées sur la polymérisation du poly (éthylène glycol) diacrylate PEGDA en présence de chaînes de poly (éthylène glycol) PEG. Nous étudions l'effet de la concentration et de la masse molaire du PEG sur les propriétés de perméabilité à l'eau ainsi que sur la sélectivité des membranes composites PEGDA/PEG et leur lien avec leurs propriétés structurelles. Nous montrons que les chaînes de PEG restent irréversiblement piégées dans la matrice du PEGDA, même après plusieurs cycles de filtration, ce qui contredit la littérature existante rapportant l'utilisation de chaînes de PEG comme agents de porogènes pour induire la porosité dans les matrices réticulées. Nous observons que l'ajout de chaînes de PEG, avec des concentrations et des masses molaires différentes, permet de régler la perméabilité à l'eau des systèmes d'hydrogel PEGDA/PEG sur plusieurs ordres de grandeur. Nous montrons que la perméabilité présente un maximum avec la concentration de recouvrement des chaînes de PEG, ce qui est un phénomène robuste observé pour les différentes masses molaires de PEG étudiées. En plus, nous étudions la sélectivité de membranes de PEGDA/PEG en filtrant des particules de polystyrène de différentes tailles. Nos résultats suggèrent que la présence de chaînes de PEG dans la matrice du PEGDA crée des défauts locaux à l'échelle nanométrique dans la densité de réticulation qui peuvent contrôler la perméation des particules et de l'eau à travers les échantillons.
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Résumé en Français

Les hydrogels, qui sont des réseaux de chaînes de polymères dans l'eau, présentent des structures poreuses et hydrophiles. Ces caractéristiques ont récemment été exploitées dans le domaine de la filtration et du traitement des eaux usées. En effet, leur structure en réseau, leur morphologie et leur porosité permettent de contrôler la diffusion et le transport de différentes espèces (e.g. composé chimique, particules...). Dans ce contexte, les études rapportées dans la littérature ont principalement décrit l'utilisation d'hydrogels comme couches de revêtement sur des surfaces hydrophobes de membranes dites classiques de filtration et permettent notamment d'améliorer leur résistance à l'encrassement. Cependant, le contrôle de la structure de porosité et des propriétés de perméabilité des membranes d'hydrogel en tant que tel est rarement étudié pour les applications de filtration.

Dans ce travail de thèse, nous nous sommes intéressés à développer un système d'hydrogel, avec des propriétés de perméabilité bien contrôlées, préparé en une seule étape en milieu aqueux et capable de résister à de forte pression appliquée pendant la filtration (~ 1 Bar). Pour ce faire, nous avons préparé différentes séries de membranes d'hydrogel par photopolymérisation d'un mélange de poly (éthylène glycol) diacrylate (PEGDA) et de poly (éthylène glycol) (PEG). Nous avons étudié l'effet de la concentration et de la masse molaire du PEG (masses molaires entre 600 et 600 000 g.mol - 1 ) sur la perméabilité à l'eau, les propriétés mécaniques et la filtration sélective de particules de tailles différentes. De plus, nous avons étudié l'évolution de la structure de l'hydrogel par des études de microscopie à force atomique (AFM) et de cryo-microscopie électronique à balayage (cryoMEB).

Nous avons enfin proposé une organisation des chaînes de PEG dans la matrice du PEGDA qui pourrait expliquer la plupart de nos mesures structurelles et de perméabilité.

Les principales conclusions obtenues sont mises en évidence ci-dessous : Effet de la concentration et de la masse molaire du PEG sur la perméabilité intrinsèque à l'eau à une faible pression appliquée (100 mBar) Afin de mesurer la perméabilité des systèmes d'hydrogel de PEG/PEGDA, nous avons utilisé un système de filtration frontale utilisant une cellule d'ultra-filtration où la pression appliquée est contrôlable (Figure 0.1). Les perméats liquides sont récupérés et pesés au cours du temps afin de mesurer le débit 𝑄 (m 3 .s -1 ). où 𝑄 est le débit d'eau (m 3 .s -1 ) calculé à partir de la pente de la variation du volume de perméat accumulé (m 3 ) en fonction du temps 𝑡 (s), 𝜇 est la viscosité de l'eau (Pa.s), ℎ est l'épaisseur de l'hydrogel (m), 𝑆 est la surface de la membrane d'hydrogel (m 2 ) et ∆𝑃 est la différence de pression à travers la membrane (Pa).

Par rapport à la membrane d'hydrogel de PEGDA pur, nous avons remarqué que la teneur en PEG, pour les différentes masses molaires utilisées, permet de moduler la perméabilité à l'eau 𝐾 sur plusieurs ordres de grandeur (Figure 0.2). Pour les PEG de faibles masses molaires (600 et 3000 g.mol -1 ), une augmentation continue de la perméabilité à l'eau avec l'augmentation de la teneur en PEG a été observée. Par exemple, pour le PEGDA/PEG-600 g.mol -1 (Figure 0.2 a), la perméabilité à l'eau passe d'environ 3,6x10 -18 m 2 à ~ 0,8x10 -16 m 2 lorsque la teneur en PEG passe de 7,7 à 29,5 % en masse. En comparaison, la perméabilité à l'eau des hydrogels PEGDA/PEG-3000 g.mol -1 varie d'environ trois ordres de grandeur (4x10 -18 m 2 à ~10x10 -16 m 2 ) avec la teneur en PEG (Figure 0.2 b).

En revanche, pour les fortes masses molaires de PEG (≥ 10 000 g.mol -1 ), la perméabilité à l'eau augmente avec la teneur en PEG jusqu'à atteindre un optimum avec une concentration critique en PEG (Figure 0.2 c à f). Au-dessus de cette concentration critique, la perméabilité à l'eau diminue lorsque la teneur en PEG augmente. Il est intéressant de noter que cette concentration correspond à la concentration de recouvrement critique des chaînes de PEG, notée 𝐶 * . Par conséquent, la concentration en PEG est un paramètre clé pour moduler la perméabilité à l'eau de l'hydrogel final.

De plus, nous avons observé que le maximum de la perméabilité obtenu à 𝐶 * est un phénomène robuste quel que soit la masse molaire en PEG étudiée.

Figure 0.2. Variation de la perméabilité à l'eau obtenue à P=10000 Pa en fonction de la teneur en a) PEG-600 g.mol -1 ; b) PEG-3000 g.mol -1 ; c) PEG-10 000 g.mol -1 ; d) PEG-35 000 g.mol -1 ; e) PEG-300 000 g.mol -1 et f) PEG-600 000 g.mol -1 dans le mélange de prépolymérisation du PEGDA/PEG.

Variation non-linéaire de la perméabilité intrinsèque avec la pression

En présence de chaînes de PEG, nous avons obtenu une variation non linéaire du flux d'eau en fonction de la pression appliquée (entre 400 et 800 mBar) contrairement à l'échantillon de PEGDA Influence de la teneur en PEG sur la structure morphologique de l'hydrogel PEGDA/PEG Le deuxième objectif de ce travail était de comprendre l'effet de l'ajout des chaînes de PEG (à différentes concentrations et masses molaires) sur la structuration de la matrice de PEGDA. Tout d'abord, nous avons montré que cet ajout de chaînes de PEG n'affectait pas la polymérisation du PEGDA. Nous avons ensuite analysé la fraction du PEG libérée de l'hydrogel que ce soit dans le surnageant d'eau ou dans le perméat après des expériences de filtration cycliques (Figure 0.5). Nous avons obtenu que 80 % des petites chaînes du PEG (i.e. 600 et 3000 g.mol -1 ) restent irréversiblement piégées dans la matrice. Pour le PEG à forte masse molaire (i.e. 300 000 g.mol -1 ), 96 % des chaînes restent piégées dans la matrice. Par conséquent, nous avons supposé que les chaînes de PEG peuvent être greffées chimiquement à la matrice PEGDA par un mécanisme de transfert de chaîne. Afin de mieux comprendre la structure des hydrogels PEG/PEGDA, nous avons utilisé la microscopie à force atomique (AFM) en phase liquide et la cryo-microscopie électronique à balayage (cryoMEB).

La Figure 0.6 montre la structure obtenue pour un gel préparé avec différentes teneurs en PEG-300 000 g.mol -1 . En ce qui concerne l'hydrogel de PEGDA, nous avons remarqué qu'il se structure en cavités de 200 nm, remplies d'eau en raison d'une séparation de phase entre le PEGDA (700 g.mol - 1 ) et l'eau. Ce résultat est en accord avec ce qui est décrit dans la littérature. Lors de l'ajout de PEG, nous avons observé un changement dans la structure de l'hydrogel de PEGDA avec l'apparition de cavités plus grandes de ~ 1 μm, mises en évidence par les images cryoMEB. En AFM, nous avons observé la présence d'hétérogénéités de quelques dizaines de nanomètres dans les parois riches en PEGDA entre les cavités de taille micrométrique.

En corrélant ces observations avec nos résultats de perméabilité, nous avons suggéré que les cavités de 200 nm pour l'échantillon de PEGDA pur sont fermées (i.e. porosité fermée). De plus, pour les membranes d'hydrogel PEGDA/PEG, nous avons supposé que les cavités de taille micrométrique observées ne forment probablement pas un réseau percolant et que la présence de chaînes de PEG piégée dans la matrice de PEGDA crée des défauts de réticulation. Par conséquent, la perméation de l'eau est plutôt contrôlée par la structure des parois, séparant les cavités micrométriques, riches en PEGDA. L'échelle moyenne en Z dans les images AFM est de ± 50 nm.

Filtration de particules à travers les membranes PEGDA/PEG hydrogel

Par la suite, nous avons étudié la filtration de particules de polystyrène de différentes tailles (modifiées par des fonctions carboxylates et ainsi chargées négativement (ζ=-43,4 mV)), à travers une membrane de PEGDA/PEG (différentes teneurs en PEG-300 000 g.mol -1 ).

Tout d'abord, nous avons remarqué que la perméation des nanoparticules de 20 nm (NP-20 nm) dépend à la fois de la composition du PEGDA/PEG et de la pression appliquée pendant la filtration.

Pour les hydrogels préparés avec du PEGDA pur ( Pour l'hydrogel le plus perméable (contenant 1,6 % en masse de PEG), nous avons également filtré des particules de polystyrène, de même nature que précédemment, mais ayant des diamètres plus grands, i.e. de 100 nm (NP-100 nm) et de 1 μm (MP-1μm). Comme le démontre la Figure 0.8, ni les particules de 100 nm ni celles de 1 μm ne traversent la membrane du PEGDA/PEG.

Par conséquent, ces résultats suggèrent que la perméation de l'eau et des particules est contrôlée par les défauts nanométriques créés par les chaînes de PEG piégées dans les parois du PEGDA entre les cavités de taille micrométrique. x En perspective, d'autres études structurales peuvent être réalisées pour compléter celle que nous avons menés sur le système d'hydrogel de PEGDA/PEG en utilisant des mesures de diffusions de neutrons aux petits angles (SANS). En utilisant du PEG deutéré, cette technique permettra de sonder uniquement la structure du PEGDA et de voir l'effet direct de l'ajout de PEG sur la structure de la matrice du PEGDA. En plus, les propriétés de sélectivité de ces hydrogels composites peuvent être aussi étudiées en remplaçant les chaînes de PEG neutres par des autres chaînes de polymères pouvant établir des interactions (électrostatiques, liaisons d'hydrogène,) avec le soluté à filtrer.

General introduction

Hydrogels, which are cross-linked three dimensional hydrophilic networks, are characterized by an inherent capacity to absorb large amounts of water, tunable biodegradability, controllable mechanical and chemical properties, and porous 3D structure. Owing to these unique properties, hydrogels are promising materials in various biomedical fields, including tissue engineering scaffold design, biosensing and drug delivery. In addition, they have attracted research's attention in the context of filtration and separation process, as coating used to improve the fouling resistance of conventional filtration membranes. In all these applications, it is crucial to find robust and simple methods to obtain hydrogels with a good control of their porous structure, permeability to water, nutrients or particles as well as mechanical properties.

We have chosen to design poly (ethylene glycol) diacrylate PEGDA hydrogels containing various amounts of poly (ethylene glycol) PEG chains of varying molar masses because this system can be easily synthesize using a radical polymerization under UV light. Moreover, PEGDA-based hydrogels combine many advantages such as mechanical resistance, biocompatibility and hydrophilic structure.

In this work, we study the effect of the PEG concentration and molar mass on the permeability and filtration properties of the hydrogels and relate these to their structure. The novelty with respect to the literature is that we use large PEG chains that remain trapped in the PEGDA matrix. In fact, the existing literature previously used short PEG chains as templating agents to promote porosity, that are removed by an additional rinsing step after polymerization. In our case the addition of large PEG chains allows to develop a new PEGDA/PEG composite membrane in a simple and one-step method, with a control of the hydrogel permeability over several orders of magnitude.

The manuscript will be structured as follows:

Chapter 1 is a literature review composed of three parts. First, we will recall the hydrogel networks, their classification and their key properties. Then we will describe briefly the different characteristics of filtration process, including their types and modes and the materials of the classical filtration membranes. The last part of this chapter consists in combining the use of hydrogel systems for different filtration applications. We will be interested to review the filtration through thin hydrogel films coated on classical membranes as well as the filtration through free-standing hydrogel systems. A particular interest is given to PEGDA-based membranes for filtration process.

Afterwards, the experimental results of this work will be presented as a compendium of three Chapters that each contain a short state of the art and experimental part.

Chapter 2 is a copy of an article which was recently published in Macromolecules ( ). This Chapter is devoted to the experimental study of the effect of large PEG chains of 300 000 g.mol -1 on the PEGDA hydrogel properties. We investigate first the effect of PEG-300 000 g.mol -1 contents on the polymerization reaction of PEGDA oligomer. We report the dependence of the PEGDA/PEG hydrogel permeability on the PEG concentration and applied pressure and correlate these permeability measurements with the mechanical properties of the hydrogels as well as their structure. Another key point of this

Chapter is the quantification of the amount of PEG chains remaining trapped in the matrix, which is surprisingly high.

In Chapter 3 the filtration of latex particles suspensions with different sizes through composite PEGDA/PEG-300 000 g.mol -1 hydrogel membranes is studied. We investigate the effect of applied pressure and PEG contents on the filtration of nano and microparticles through the PEGDA/PEG hydrogel membranes. The results are discussed with respect to atomic force microscopy (AFM) and cryoscanning electron microscopy (cryoSEM) measurements and enable us to deduce important information about the structure of the hydrogels. Furthermore, we study the effect of the clogging of the hydrogels with the particles on the permeation flux.

Chapter 4 deals the effect of PEG molar mass on the permeability and structure properties of the PEG/PEGDA hydrogels. We investigate, in a systematic manner, if the dependence of the water permeability measurement on the PEG contents is a robust phenomenon for a wide range of PEG molar masses. Moreover, we determine whether the PEG molar mass influences the removal of the PEG chains from the hydrogel matrix. Similarly, to the previous study of Chapter 2 and 3, we investigate the evolution of the hydrogel structure as a function of PEG content and molar mass by performing AFM and cryoSEM measurements.

Chapter 1 1 Literature review

This first chapter is devoted to the description of concepts underlying this work and previous literature studies. It is composed of three parts. First, we will describe hydrogel systems, their classification and their main properties. Secondly, we will be interested in studying the different processes of filtration. We will describe briefly the different types, mode, materials and properties of filtration membranes used in the studied context. In the last part of this chapter, we will make an overview of the use of hydrogel membranes in the field of filtration. A specific interest is given to the structural, mechanical and permeability properties of PEGDA-based hydrogel membranes, used in this work.

HYDROGELS

History and generalities

A hydrogel is a three-dimensional network of polymer swollen, as represented in (Figure 1.1), with a large amount of water. This current definition of a hydrogel with its specific properties, mainly its high affinity to water, was established in 1960 by Wichterle and Lim after their synthesis of polyhydroxyethylmethacrylate (pHEMA)-based hydrogel 1 . This first synthetic hydrogel was used in many applications that require permanent contact with human tissues, such as the contact lenses, an invention patented in 1968 2 . It was at this period that hydrogel technology has progressed in a wide range of applications 3 , such as the food 4 , the pharmaceutics and the biomedical fields 5 . In addition, they have gained a significant interest in tissue engineering 6,7 , drug delivery [8][9][10][11][12] and scaffolds regeneration 13 . Hydrogels are also used for water/wastewater treatment and for separation processes [14][15][16][17][18] . These different applications have motivated researchers to study the relationship between the structure of hydrogels and their biocompatibility 19 . 

Classification

The large variety of matrices (origin, structure, functionality, etc.) from which hydrogels can be formed and the various possible ways of gelation process have given rise to several types of hydrogels with different chemical and physical properties. As a result, several classifications of these materials have emerged in recent years [20][21][22] .

Hydrogels are classified according to different criteria 23 , such as the source of the polymer (natural or synthetic), the charge of the hydrogel (non-ionic, cationic or anionic), the type of cross-linking based on physical or chemical cross-linking junctions, their biodegradability and their physical and mechanical properties (stiffness, elasticity,…).

The classification of hydrogels based on their different characteristics is important for their further use and application. However, the two main criteria often used to distinguish the gels are the polymer source and the type of cross-linking.

For example, based on the source of polymer, natural hydrogels are generally formed from polysaccharides (hyaluronic acid, alginate, chitosan...) or from proteins (collagen, gelatin...).

They constitute the most physiological hydrogels because some of them are constituents of the extracellular matrix (ECM) in vivo. The main disadvantage of natural hydrogels is the possible variability of properties from one batch to another due to their natural origin which can induce a variation of their composition. However, the synthetic hydrogels such as poly (vinyl alcohol) (PVA), poly (ethylene glycol) (PEG), or polyacrylic acid (PAAc) are characterized by a more controlled and reproducible structure. The hydrolysis or biodegradation of these materials can also be programmed over variable and well-defined periods (ranging between several days to months), depending on the final applications. This is one of the reasons why we have chosen the PEG-based hydrogels in our studies.

Hydrogels are also classified according to the type of cross-linking, into two groups: physical hydrogels and chemical hydrogels 24 . The characteristics of each hydrogel are detailed below.

Physical gels:

Physical hydrogels, also called reversible hydrogels, have a very significant place in a wide field of applications (e.g. wound dressing 25 , drug delivery,…), because of their ease of processing without the need for a chemical cross-linking agent. This transient character is due to the low energy of the connections between the macromolecular chains (hydrogen bond, ionic bond, hydrophobic interaction....) [26][27][28][29] . The number and strength of these cross-linking points depend directly on the thermodynamic and mechanical states of the gel, thus inducing a reversibility of the gelation process. This means that associations can be broken and reformed continuously under the effect of a variation of physico-chemical conditions during gelation process (temperature, pH, polymer concentration, ionic strength...) 30 .

Chemical gels:

In contrast to the previous gels, chemical gels are made of polymer chains linked together by covalent bonds. The cross-linking points of the network have a permanent character which gives it a great stability and is globally less dependent on external factors (pH, temperature, mechanical deformation...). This stability makes the formed network insoluble in any solvent and their swelling properties depend on their affinity to water. Generally speaking, chemically cross-linked gels often have much higher mechanical properties than their physically crosslinked counterparts 31 .

The main methods of preparation of chemical hydrogels reported in the literature are the chemical cross-linking and the radical polymerization detailed below.

Chemical cross-linking:

This technique is based on chemical reaction of bi-functional cross-linking agent with a hydrophilic polymer holding appropriate functional group such as carboxylic acid (-COOH), hydroxyl (-OH) and amino (-NH2). The most common cross-linking agents used for the formation of chemical hydrogels are the epichlorohydrin, glutaraldehyde, adipic acid dihydrazide (DHA) or polyaldehydes,... For example, gelatin and albumin based hydrogels were prepared using dialdehyde or formaldehyde as cross-linking agents 32 . On the other hand, PEG-based hydrogels can be also prepared by chemical cross-linking, using PEG-derivatives as cross-linking agents 33 .

Radical polymerization:

Radical polymerization is considered as the most commonly used method to obtain chemical hydrogels with the advantages of high reactivity, high conversion and mild reaction conditions. The radical polymerization process follows up the subsequent steps: initiation, propagation and termination. To initiate the polymerization, initiators must be added to the system containing monomers and crosslinking agents to generate free radicals 34 .

One can distinguish three types of initiators used in this technique: a) Thermal initiators, generating radicals by thermal decomposition.

Azobisisobutyronitrile (AIBN) and benzoyl peroxide (BPO) are well-known thermal radical initiators.

b) Redox initiators, for which the production of radicals results from a redox reaction.

Ammonium persulfate (APS) and potassium persulfate (KPS) both are commonly used as redox initiator in radical polymerization reaction 35 . For example, the polyacrylamide hydrogels are synthesized using acrylamide monomer and bisacrylamide as cross-linking agent. This polymerization technique requires the use The benzoyl radical is known to be highly reactive toward vinyl and acrylic monomers. In some cases, the second radical fragment can also participate to initiate the polymerization. Benzylic ketals, benzoins, α-amino aromatic ketones and acylphosphine oxides are the most effective photoinitiators belong to this category.

Figure 1.2. Formation of radical fragments under UV light.

The photoinitiated polymerization process is considered as an efficient method for hydrogels synthesis. This technique provides many advantages during the hydrogels preparation such as no need to use catalysts or additives to initiate the polymerization. As the free radicals are generated under the effect of UV light, the cross-linking density of the polymer network chain can be controlled by changing the irradiation dose. Due to these benefits, the chemical hydrogels prepared by the photopolymerization method have been widely used for many biomedical applications. As example, due to their biocompatibility and water solubility, PEGbased polymer (such as poly (ethylene glycol) diacrylate (PEGDA) and poly (ethylene glycol) monomethacrylate (PEGMA)) have been widely used in photoradical polymerization to contribute to the development of PEG-based hydrogels used as a scaffold for cells delivery involved in tissue regeneration 36,37 . In addition, they have gained an interest in the industrial and filtration process. Consequently, PEGDA-based hydrogels employed as a membrane for filtration experiments have been chosen in this work.

Structure of hydrogels

Hydrogels are a porous structure characterized by an inherent pore size directly related to the length of the polymer chain, the concentration of polymer in the pre-gel solution, as well as the cross-linking density 38 . An important structural parameter of the hydrogel is the mesh size (ξ) defined as the distance between two effective cross-links points 22 . Generally, the typical hydrogel mesh size is in the nanometer range. In order to understand the structural properties of hydrogels, different behaviors such as the conformation of an ideal polymer chain as well as the behavior of a polymer in solution must first be defined.

A) Polymer coils and solutions

Conformation of an ideal chain:

First, we will report the main results on the conformations of an ideal chain, i.e. without interactions between monomers or between solvent molecules.

Considering a flexible chain of n+1 backbone atoms 𝐴 𝑖 (0 ≤ 𝑖 ≤ n), the bond vector 𝑟 𝑖 ⃗ ⃗ connects to 𝐴 𝑖-1 to 𝐴 𝑖 .

The polymer is in its ideal state if there are no net interactions between atoms 𝐴 𝑖 and 𝐴 𝑗 that are separated by a sufficient number of bonds along the chain so that |𝑖 -𝑗|≥1.

The end-to-end distance vector is the sum of all 𝑛 bond vectors in the chains (Equation 1.1):

𝑅 𝑛 ⃗⃗⃗⃗ = ∑ 𝑟 𝑖 ⃗ ⃗ 𝑛 𝑖=1 (1.1)
Different individual chains will have different bond vectors and hence different end-to-end vectors. The confirmation of a flexible polymer is represented in (Figure 1.3).

The average end-to-end vector of an isotropic collection of chains 𝑛 backbone atoms is zero, The mean-square end-to-end distance of a freely jointed chain is (Equation 1.2):

〈𝑅 𝑛 ⃗⃗⃗⃗ 〉 = 0.
〈𝑅 2 〉 = 𝑛𝑙 2 (1.2)
where 𝑙 is the length of the C-C bond ( ~1.54 Å).

In a flexible polymer chain, there are in fact correlations between 𝑟 𝑖 ⃗ ⃗ , these correlations disappearing when the 𝑟 𝑖 ⃗ ⃗ are very far from each other: it is therefore necessary to correct equation by a corrective term 𝐶 𝑛 called the Flory's characteristic ratio. The characteristic ratio is larger than unity for all polymers (𝐶 𝑛 > 1). In the case of an ideal chain with large number of main-chains bonds (𝑛 → ∞), this term will be noted 𝐶 ∞ . The variation of the Flory's characteristic ratio as a function of the chain length is represented in (Figure 1.4). Its numerical value depends on the local stiffness of the polymer chain with typical numbers of 7-9 for many flexible polymers. Polymers with bulkier side groups may have a highest 𝐶 ∞ , owing to the side groups sterically hindering bond rotation (as in polystyrene with 𝐶 ∞ = 9.5). In contrast poly(ethylene glycol) has a 𝐶 ∞ of about 5. Consequently, the mean-square end-to-end distance can be approximated for long chains (Equation 1.3):

〈𝑅 2 〉 ≈ 𝐶 ∞ 𝑛𝑙 2 (1.3)
This mean-square end-to-end distance can be a characteristic of the size of linear chains.

However, for branched or ring polymers, this quantity is not well defined, because they either have too many ends or no ends at all. Since all objects possess a radius of gyration, it can characterize the size of polymers of any architecture.

The radius of gyration is defined as the average distance between monomers in a given conformation and the polymer's center of mass as represented in (Figure 1.5). In the case of a linear ideal chain, we have (Equation 1.4):

〈𝑅 𝑔 2 〉 = 〈𝑅 2 〉 6 = 𝐶 ∞ 𝑛𝑙 2 6 (1.4)
Polymer in solutions:

Depending on the concentration and mass of the polymer in solution, different regimes can describe their behavior. For entropic reasons, the polymer chains are not unfolded but contract on themselves to form coils. The behavior of a polymer in solution has been described in particular by De Gennes 39 , as represented in (Figure 1.6). At low polymer concentration, in the diluted regime, the polymer chains (coils) are distributed in an isolated manner throughout the solvent volume. When the concentration of polymer (or its volume fraction ∅) is increased, the distance between coils decreases. At some point, the polymer chains start to contact and overlap between them and the concentration associated with this is called the critical overlap concentration 𝐶 * . This concentration marks the first transition between the diluted and the semidiluted regime. The second transition is reached when the polymer concentration is above 𝐶 * (concentrated regime). In this later case, the coils are fully interpenetrated with 𝐶 = 𝐶 * * > 𝐶 *

and the chains are totally entangled in a 3D network. In addition, the critical overlap concentration 𝐶 * of polymer chains, beyond the semi-diluted regime, can be calculated by Equation 1.5 40 :

𝐶 * = 𝑀𝑤 ̅̅̅̅̅ 4 3 𝜋𝑅 𝑔 3 𝑁 𝐴 (1.5)
where 𝑀𝑤 ̅̅̅̅̅ is the average molar mass of the polymer, NA is Avogadro number: NA = 6.023x10 23 mol -1 .

Furthermore, the rheological study of polymer solutions allows to determine their critical recovery concentration 𝐶 * . When 𝐶 * is reached, polymer chains start to interact with each other in the solution. This results in an increase in the viscosity of the solution. The 𝐶 * of a polymer is obtained by plotting the viscosity measured at zero shear as a function of the polymer concentration. The break in the slope of this variation gives access to 𝐶 * .

B) Morphology controlled by phase separation

On way to control the structure of hydrogel network is to trigger a phase separation. This technique was widely used for the preparation of polymeric membrane with tailored separation performance. Phase separation can be induced by a variety of stimuli, including temperature, polymerization reaction (continuous increase in the fraction of molecules with high molecular weight) or unfavorable interactions between mixture polymer species 41,42 .

In homogeneous mixtures of fluids, phase separation takes place via nucleation and growth Vitrification or gelation of one phase is a powerful approach to arrest liquid-liquid phase separation at the microscale (Figure 1.7 B). For example, porous polymer membranes for filtration (with pore diameters in the range of nm to several µm), are made from a polymer solution where phase separation is triggered by a rapid thermal or solvent-composition quench 44 . Phase separation arrests microscopically when the polymer-rich phase vitrifies, i.e. when it reaches a glassy state, due to the reduced mobility of the polymer chains. Using this kinetic approach, the final structure of the material can be tuned over multiple length nano or macroscales, as it depends on the competition between the coarsening rate of the phase-separated domains and the quenching rate of the system.

Consequently, phase separation method became a ubiquitous process and found applications in a variety system to fabricate advanced functional materials with engineered microstructures 43 .

Some examples include the fabrication of metal alloys [START_REF] Smith | Phase transformation strengthening of hightemperature superalloys[END_REF] , colloidal particles [START_REF] Van Ravensteijn | Tuning particle geometry of chemically anisotropic dumbbell-shaped colloids[END_REF][START_REF] Moerman | Emulsion patterns in the wake of a liquid-liquid phase separation front[END_REF] and porous materials [START_REF] Xue | Phase separation induced ordered patterns in thin polymer blend films[END_REF][START_REF] Wang | Recent advances in preparation and morphology control of polymeric membranes formed by nonsolvent induced phase separation[END_REF] for filtration process.

Properties of hydrogels

The use of hydrogels in different fields of application such as tissue engineering, drug delivery and filtration process require the understanding and the control of their main properties, in particular their swelling and mechanical properties.

A) Swelling behavior

The swelling property of hydrogels is their ability to absorb and retain a large amount of water due to the presence of hydrophilic groups within the polymer network chains such as -OH and -COOH [START_REF] Bhadani | In Synthesis and studies on water swelling behaviour of polyacrylamide hydrogels[END_REF][START_REF] Mittal | Synthesis, characterization and swelling behaviour of poly (acrylamide-comethacrylic acid) grafted Gum ghatti based superabsorbent hydrogels[END_REF] . They are influenced by many factors such as the concentration of the polymer and its molar mass, the neutral or charged nature of the polymer, the cross-linking density, the nature of the cross-linking agent, the cross-linking method, the drying techniques and other environmental factors such as pH, temperature and ionic strength.

The swelling of the network can be expressed by the weight swelling ratio 𝑄 (Equation 1.6):

𝑄 = 𝑊 𝑆 𝑊 0 (1.6)
where 𝑊 𝑠 is the weight of the swollen hydrogel, and 𝑊 0 is the weight of the hydrogel right after preparation.

When hydrogels are immersed in water (Figure 1.8), the polymer chains tend to expand to their fully solvated state, while the cross-linked structure applies an oppositely oriented force that pulls back until the expanding and retracting forces counterbalance each other and the swelling equilibrium is achieved. The swelling of hydrogels is described most commonly by the Flory-Huggins equation of state.

The free energy change associated with mixing the polymer chains with the solvent, ∆G 𝑚𝑖𝑥 , is

given by Equation 1.7 30 :

∆𝐺 𝑚𝑖𝑥 = ∆𝐻 𝑚𝑖𝑥 -𝑇∆𝑆 𝑚𝑖𝑥 (1.7)
where ∆𝐺 𝑚𝑖𝑥 is the total free energy change of mixing, ∆𝐻 𝑚𝑖𝑥 is the change of enthalpy of mixing, ∆𝑆 𝑚𝑖𝑥 is the entropy change of mixing, and 𝑇 is the temperature.

Enthalpy changes occur due to the interactions between the polymer and solvent molecules.

∆𝐺 𝑚𝑖𝑥 must be negative for the producing of the mixture and the swelling of the gel.

In regards to the enthalpy, swelling is favorable when ∆𝐻 𝑚𝑖𝑥 is negative. This will occur if specific interactions form between the polymer and solvent molecules, to produce a mixed state of lower energy. However, if it is more preferable (a lower energy state) for the polymer and solvent molecules to interact only with themselves, then ∆𝐻 𝑚𝑖𝑥 will be positive and mixing of the two phases will not be favorable.

In addition to the enthalpy changes associated with mixing, there will also be entropy variation ∆𝑆 𝑚𝑖𝑥 . Mixing has an entropic advantage since the homogenization of the solvent and polymer molecules creates a more random system. However, in a hydrogel, upon swelling of the polymer chains with the solvent, the chains elongate resulting in an entropic penalty.

The total free energy of the neutral gels system is characterized by change of the Gibbs energy ∆𝐺 𝑡𝑜𝑡𝑎𝑙 considered as additive contributions due to mixing of the cross-linked polymer with the solvent, ∆𝐺 𝑚𝑖𝑥 , and due to deformation of elastically active network chains, ∆𝐺 𝑒𝑙 .

∆𝐺 𝑡𝑜𝑡𝑎𝑙 is given by Equation 1.8:

∆𝐺 𝑡𝑜𝑡𝑎𝑙 = ∆𝐺 𝑚𝑖𝑥 + ∆𝐺 𝑒𝑙 (1.8)
For mixing and swelling to occur, ∆𝐺 𝑡𝑜𝑡𝑎𝑙 , should be negative, so that the process will be spontaneous 30 .

B) Mechanical properties

The mechanical behavior of hydrogels is generally described using rubber elasticity and viscoelasticity theories, and studied experimentally by the temporal response of the gel under stress. Hydrogels mechanical parameters, such as Young's modulus 𝐸, failure strength, viscoelasticity, shear modulus 𝐺′ and others can be evaluated through mechanical tests, including compression, indentation, tensile and shear testing [START_REF] Ahearne | Characterizing the viscoelastic properties of thin hydrogel-based constructs for tissue engineering applications[END_REF] . The tensile, the compression and shear tests are usually used to characterize the hydrogel mechanical properties (Figure 1.9).

Tensile testing consists of hydrogel tensile deformation at a constant rate of elongation and recording the force required to maintain that rate of elongation. The force and elongation of the material are used to obtain a graph of stress versus strain, from which mechanical parameters can be derived [START_REF] Drury | The tensile properties of alginate hydrogels[END_REF] . On the other hand, the compression test involves compressing of the hydrogel between two plates. The force required to compress the hydrogel and the amount of deformation are used to derive a stress versus strain graph from which the compressive modulus and compressive strength can be determined. [START_REF] Liu | Synthetic selfassembled homogeneous network hydrogels with high mechanical and recoverable properties for tissue replacement[END_REF] .

In order to obtain the mechanical parameters of the hydrogels, the engineering stress and strain are calculated, respectively, using the following equation:

1) The engineering stress is obtained by the applied force over the original cross-sectional area (Equation 1.9):

𝜎 = 𝐹 𝐴 0 (1.9)
where, σ is the engineering stress (Pa); 𝐹 is the applied force (N) and 𝐴 0 is the original crosssectional area (m 2 ).

2) The engineering strain, on the other hand, is measured as the ratio of the elongation to the initial hydrogel length (Equation 1.10):

𝜀 = 𝛿 𝐻 0 (1.10)
where, 𝜀 is the engineering strain (unitless); 𝛿 is the elongation at any point during uniform elongation stage (mm) : 𝛿 = 𝐻 -𝐻 0 ; 𝐻 is the height at any point during uniform elongation (mm) and 𝐻 0 is the initial hydrogel height (mm).

3) And finally, the Young's modulus 𝐸 or elastic modulus which is the constant that relates the engineering stress and the strain of an elastic material, is given by Hooks' law (Equation 1.11):

𝜎 = 𝐸. 𝜀 (1.11)
In addition, hydrogels are also characterized by the shear modulus 𝐺 ′ which is measured using a rheometer with parallel plates. Shear modulus is related to the Young's modulus 𝐸 by the Poisson's ratio, 𝜐, which measures the contraction of the hydrogel perpendicular to the direction of the applied force. In general, the values of 𝜐 are between -1 and 0.5 depending on the materials properties. It is 0.5 for incompressible materials.

𝐺 ′ is given by Equation 1.12:

𝐺 ′ = 𝐸 2(1+𝜐) (1.12)
For a hydrogel, the physical origin of the elastic modulus is the stretching of the chains and the loss of the entropy when the material is sheared or stretched.

For a model of chain networks, the constant coefficient relating the stress to the strain is equivalent to the shear modulus defined before, and it is given by Equation 1.13:

𝐺 ′ = 𝑛𝐾 𝑏 𝑇 𝑉 = 𝑣𝐾 𝑏 𝑇 = 𝜌𝑅𝑇 𝑀 𝑠 (1.13)
where 𝑣 = 𝑛/𝑉 is the number of elastic segments per unit volume; 𝜌 is the network density (mass per unit volume); 𝑀 𝑠 is the average molar mass of an elastic segment and 𝑅 is the constant of perfect gases. In general, the modulus increases with temperature (entropic origin)

and linearly with the density of elastic segments.

Based on their Young's and shear moduli, hydrogels can be classified into two categories: soft and rigid gels. Soft hydrogels have a Young's moduli ranging from tens of Pa to hundreds of KPa, such as alginates gels [START_REF] Lee | Elastic Modulus Measurement of Hydrogels[END_REF] . Whereas, the rigid gels have higher modulus, in the range of MPa to GPa. They are less deformable and can break when the stress exceeds a threshold value.

As for the swelling behavior of the hydrogels, their mechanical parameters may be affected mainly by the polymer concentration, the cross-linking density, the energy of the chemical bonds as well as the physical entanglements between polymer chains. For example, a chemically cross-linked network has a higher elastic modulus than the physically cross-linked one, because the energy of a covalent bond is higher than that of a physical bond.

In general, the hydrogel stiffness can be improved by increasing the stiffness of the polymer backbone (e.g. by replacing acrylates with methacrylates). As well, increasing the cross-linking density of a gel by increasing the content of cross-linking agent or the polymer concentration [START_REF] Anseth | Mechanical properties of hydrogels and their experimental determination[END_REF] makes the hydrogels stiffer as their elastic modulus is proportional to the cross-linking density.

In addition to the parameters mentioned above, the mechanical properties of the gel can be affected by the experimental parameters of hydrogel synthesis such as reaction time, temperature, amount and type of solvent used. Thus, the choice of the polymer constituting the matrix of the gel and the control of processing conditions during polymerization are key parameters to be considered in order to obtain a final biomaterial with desired mechanical characteristics.

As discussed before, the objectives of this work is to study the use of hydrogels membranes in the context of filtration. Then, the aim of the following section is to discuss the different types, mode, materials and properties of filtration membranes used in the filtration process.

FILTRATION PROCESS

Definition and generalities a) Definition

Filtration is a physical separation process that separates two different phases of a mixture through a filter medium allowing the fluid to pass but retains solid matters. The driving force for this transport can be a gradient of pressure, chemical potential, electrical potential or temperature across the medium [START_REF] Mulder | Basic principles of membrane technology[END_REF] . There are three different groups of filters [START_REF] Marc | Complementary life cycle assessment of wastewater treatment plants: An integrated approach to comprehensive upstream and downstream impact assessments and its extension to building-level wastewater generation[END_REF][START_REF] Zhang | Removal of low-molecular weight DBPs and inorganic ions for characterization of high-molecular weight DBPs in drinking water[END_REF][START_REF] Park | Application of various membranes to remove NOM typically occurring in Korea with respect to DBP, AOC and transport parameters[END_REF] :

1) Surface filters which are thin barriers, illustrated by a common filter cloth or laboratory filter paper involving the retention of solid matters mainly on the surface of the medium.

2) Depth filters which allow to retain different matter throughout the porous medium and not just on its surface. These filters have the advantage of retaining a large mass of solutes before clogging. Sands and anthracite are usually used as filter media.

3) Membranes which are used as selective barriers allowing the passage of certain components and the retention of others. Pressure driven membrane filtrations are the most used membranes in separation industry, in particular in water and wastewater treatment. There are used to separate various-sized particles, organisms and chemical species ranging from few nanometers to microns [START_REF] Guo | A mini-review on membrane fouling[END_REF][START_REF] Van Der Bruggen | Comparison of pressure-driven membrane processes and traditional processes for drinking water production in Europe based on specific impact criteria[END_REF] .

b) Types of membranes: MF, UF, NF, RO:

Based on the solutes sizes and the molecules molecular weights, the applied pressure and the type of membrane, there are four different membrane processes classified in (Table 1.1) [START_REF] De Morais Coutinho | State of art of the application of membrane technology to vegetable oils: A review[END_REF][START_REF] Li | Advanced membrane technology and applications[END_REF] .

Table 1.1. Size of solutes, applied pressure and type of membrane.

The microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF) processes use porous membranes with pore diameters of several microns, tens of nanometers and less than 10 nm, respectively. However, the reverse osmosis (RO) process uses dense membranes that do not have distinct pores. Each membrane is able to withstand to an applied pressure, depending on its characteristics. In general, these processes are used in different applications, such as dairy and food industries as well as pharmaceutical industry.

c) Filtration mode:

There are two main modes filtration for pressure driven membrane processes: dead-end and cross-flow filtrations, as presented in (Figure 1.10) [START_REF] Ketola | Determination of surfactants in industrial waters of paper-and board mills[END_REF] . The mechanism of each mode is described below. 

Dead-end filtration:

In the dead-end process, the fluid flow (liquid or gaseous) is perpendicular to the membrane surface. In this mode, the retained matters are more probable to accumulate on the surface of the membrane as a result of the no recirculation of the retentate (the solution that does not permeate through the surface of the membrane). In addition, the system operation is based on total recovery of the feed water [START_REF] Singh | Chapter 1 -Introduction to Membrane Technology-Membrane Technology and Engineering for Water Purification (Second Edition)[END_REF] . The main advantages of this process are that the fabrication of dead-end membranes is relatively less expensive and the process is easy to implement, thus it is mainly used on a small scale in laboratories. On the other hand, dead-end membranes are easily fouled which requires periodic interruption of the process to clean or replace the filter, or the use of conventional pre-filters (cartridge, bag filters) to remove the larger particles.

Cross-flow filtration:

In the cross-flow filtration mode, the feed flow is tangential to the membrane surface. Unlike the previous mode, the retentate is recirculated and blended with the feed water, whereas the permeate (the solution that passes through the membrane) is recovered on the other side [START_REF] Singh | Chapter 1 -Introduction to Membrane Technology-Membrane Technology and Engineering for Water Purification (Second Edition)[END_REF] .

Tangential flow membranes are less susceptible to fouling due to the high shear rates of the fluid flow. They are also characterized by low energy consumption, increased product yield, selective and consistent separation, reduced maintenance and no additives, flocculants or chemicals needed.

d) Materials groups:

According to the materials used in the preparation of the membrane, pressure driven membranes are generally classified into two main groups: polymeric [START_REF] Xiarchos | Polymeric Ultrafiltration Membranes and Surfactants[END_REF] and inorganic membranes [START_REF] Hinkov | Application of Cross-Flow Ultrafiltration on Inorganic Membranes in Purification of Food Materials[END_REF] .

Polymeric membranes are currently dominant in drinking water treatment and desalination due to their low cost and simplicity of implementation. The most polymers used in this field are polysulfone (PS), polyethersulfone (PES), polyacrylonitrile (PAN) and poly(vinyl fluoride) (PVDF). They are characterized by their resistance to oxidation (e.g. by chlorine), to temperature and to extreme pH. However, their disadvantages, such as hydrophobicity, low long-term stability, easy fouling and short lifetime, can limit their applications [START_REF] Hofs | Comparison of ceramic and polymeric membrane permeability and fouling using surface water[END_REF] .

On the other hand, membranes made of inorganic materials (such as ceramic, glass and carbon membranes) are generally more resistant to extreme pH and temperature conditions and also possess mechanical resistance. Generally, metallic (carbon) and glass membranes (silicon oxide or silica, SiO2) have not gained much popularity due to their high cost and complex manufacturing [START_REF] Rasouli | Fabrication, characterization, fouling behavior and performance study of ceramic microfiltration membranes for oily wastewater treatment[END_REF] . Whereas the ceramic membranes have attracted interest to their potential use in industries such as the treatment of waste streams [START_REF] Hankins | Enhanced removal of heavy metal ions bound to humic acid by polyelectrolyte flocculation[END_REF] , as they can withstand high experimental conditions (temperatures, pH, pressure) [START_REF] Hsu | Removal of Giardia and Cryptosporidium in drinking water treatment: a pilot-scale study[END_REF] , and characterized by they longer lifetimes, higher hydrophilicity and lower fouling [START_REF] Ciora | Ceramic membranes for environmental related applications[END_REF] .

Flow, permeation and retention through porous medium

The performance of membranes is usually evaluated by water permeability in the filtration process, as well as rejection or selectivity of solutes. As a definition, the permeability is the ability of a porous medium to allow the passage of a fluid. The permeability depends on the size and density of the pores, the thickness of the membrane and its tortuosity.

The filtration through porous membrane is defined by three important terms. The feed solution which is the initial solution sent to the membrane (it is characterized by an initial concentration and volume, noted 𝐶 0 and 𝑉 0 , respectively). The retentate which is the solution retained by the membrane (with 𝐶 𝑅 and 𝑉 𝑅 ), and the permeate which is the solution that passes through the membrane (𝐶 𝑃 and 𝑉 𝑃 ).

Permeate flow 𝑄 is the volume of the fluid (𝑉 𝑃 ) that passes through a given section per unit of time (𝑡). Permeate flow 𝑄 is expressed in m 3 .s -1 . 𝑄 is written in Equation 1.14:

𝑄 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑 (𝑉 𝑃 ) 𝑡𝑖𝑚𝑒(𝑡) (1.14)
Permeate flux 𝐽 is the permeate flow through the membrane per unit of area. It is expressed in m.s -1 , in Equation 1.15:

𝐽 = 𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 (𝑄) 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 (𝑆) (1.15)
According to Darcy's law, the permeate flux can be expressed as a function of the transmembrane applied pressure (Equation 1.16):

𝐽 = 𝑄 𝑆 = 𝐾∆𝑃 𝜇ℎ (1.16)
where 𝐽 is the permeate flux (m.s -1 ); 𝑄 is the permeate flow (m 3 .s -1 ); 𝑆 is the membrane section (m 2 ); 𝐾 is the membrane permeability (m 2 ); ∆𝑃 is the transmembrane pressure (Pa); 𝜇 is the liquid viscosity (Pa.s) and ℎ is the membrane thickness (m). In general, this permeability is defined by the properties of porous membrane, e.g. porosity. In contrast to Darcy's law, several models have been used in the literature for relating the permeability to pore size distribution in a porous medium. Among these models, we will describe the capillary bundles and Carman-Kozeny models.

a) The capillary bundles model:

The capillary bundles model considers that the porous medium behaves hydrodynamically as a set of conduits through a matrix. They can be straight or curved, parallel or randomly oriented, with constant or variable cross-section.

For approximation, it is possible to consider that the whole porous network is made up of a bundle of straight capillaries with identical diameter 𝑑. The fluid flux in a capillary of diameter 𝑑 under a pressure gradient ∆𝑃 is given by Poiseuille in Equation 1.17:

𝐽 = 1 𝜇 ∆𝑃 ℎ 𝑑 2
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(1.17)

As a result, the permeability 𝐾 of a porous membrane reads in Equation 1.18:

𝐾 = 𝜀𝑑 2 32𝜏 (1.18)
where 𝜀 is the membrane porosity (defined as the fraction of pores in the medium) and 𝜏 the membrane tortuosity.

b) Carman Kozeny (C-K) model:

Based on the parallel capillaries model, C-K model links the permeability to the properties of porous medium considered as a packed bed of solids of diameter 𝑑. This model expresses permeability as a function of the specific surface area 𝑆 𝑉 (m -1 ). In this condition, 𝑆 𝑉 = 6/𝑑.

The C-K formula for permeability can be derived is Equation 1.19:

𝐾 = 𝐶 𝐶𝐾 𝜀 3 𝑆 𝑉 2 (1-𝜀) 2 (1.19)
Where 𝐶 𝐶𝐾 is an empirical Carman-Kozeny constant. The value of 𝐶 𝐶𝐾 depends on the type of the microstructure, e.g. for model granular microstructures is equal ~0.2.

Other than permeability feature, the porous membrane is characterized by its selectivity property. Membrane selectivity is defined by the retention rate 𝑅, which is the ability of the membrane to retain a solute during the filtration. 𝑅 is written in Equation 1.20:

𝑅 = 1 - 𝐶 𝑃 𝐶 𝑅 (1.20)
where 𝐶 𝑃 and 𝐶 𝑅 are the solute concentration in the permeate and in the retentate, respectively.

If the compound studied is totally retained by the membrane (i.e. 𝐶 𝑃 = 0) thus 𝑅=1. In contrast, if the compound is not retained at all (𝐶 𝑃 = 𝐶 0 = 𝐶 𝑅 ) thus 𝑅=0.

Clogging and concentration polarization

As described before, the performance of the filtration membrane depends on both the water permeability and the selectivity of the membrane. These two features are primarily affected by two phenomena: the fouling and the concentration polarization [START_REF] Goosen | Fouling of Reverse Osmosis and Ultrafiltration Membranes: A Critical Review[END_REF][START_REF] Agenson | Change in membrane performance due to organic fouling in nanofiltration (NF)/reverse osmosis (RO) applications[END_REF] .

Membrane fouling is defined by the deposit of suspended or dissolved substances from the feed solution on the membrane surface at its pore openings, or within its pores (Figure 1.12) [START_REF] Li | Preparation, Performances, and Mechanisms of Microbial Flocculants for Wastewater Treatment[END_REF][START_REF] Yiantsios | An experimental study of humid acid and powdered activated carbon deposition on UF membranes and their removal by backwashing[END_REF] .

Membrane fouling leads to a decrease in the membrane performance: it causes a decrease in membrane pore size or even a pore clogging [START_REF] Ahmad | Baffled microfiltration membrane and its fouling control for feed water of desalination[END_REF] , a decrease in permeate flux and the retention of smaller solutes [START_REF] Ma | Effectiveness of ferrate (VI) preoxidation in enhancing the coagulation of surface waters[END_REF] . This fouling can be reversible if it can be removed by several washing steps or by varying the filtration conditions (decreasing of the driving pressure for example). Whereas it is irreversible if the filtration membrane has definitively lost its initial characteristics [START_REF] Al-Ahmad | Biofuoling in RO membrane systems Part 1: Fundamentals and control[END_REF] .

Figure 1.12. Mechanisms of fouling in membrane filtration: (a) cake layer, (b) pore constriction and (c) pore blockage [START_REF] Hallé | Biofiltration in Drinking Water Treatment: Reduction of Membrane Fouling and Biodegradation of Organic Trace Contaminants[END_REF] .

The concentration polarization (CP) results from the accumulation of retained solutes A in a thin layer adjacent to the membrane surface [START_REF] Song | Theory of concentration polarization in crossflow filtration[END_REF] . This will generate a concentration gradient, meaning that the concentration of solute near the membrane surface CA,m is much higher than that of the overall feed solution CA,f [START_REF] Katsoufidou | An experimental study of UF membrane fouling by humic acid and sodium alginate solutions: the effect of backwashing on flux recovery[END_REF] . As a result, this concentration builds up produce a diffusive flux of solute back to the feed bulk as shown in (Figure 1.13). This phenomenon results in water flux decline. It might also change the membrane separation properties, due to surface charge variations. CP is considered as an example of reversible fouling [START_REF] Sablani | Concentration polarization in ultrafiltration and reverse osmosis: a critical review[END_REF] . properties and permeate quality. For these reasons, different measures are necessary to limit fouling and concentration polarization [START_REF] Zhou | Surface modification of thin film composite polyamide membranes by electrostatic self deposition of polycations for improved fouling resistance[END_REF][START_REF] Ang | Fouling and cleaning of RO membranes fouled by mixtures of organic foulants simulating wastewater effluent[END_REF] .

Proper choice of membranes materials and properties (e.g. hydrophilicity, roughness, and electrical charge), choice of operating conditions and membrane cleaning may prevent biofilm build-up on membranes or pores clogging [START_REF] Xing | Fouling and cleaning of microfiltration membrane in municipal wastewater reclamation[END_REF] . The first strategy to minimize membrane fouling is to use the appropriate membrane for a specific operation. The choice of operating conditions during membrane filtration is also essential, as it can affect fouling. As mentioned above, crossflow filtration is more advantageous than dead-end filtration for reducing fouling problems.

The applied pressure and the water flux play also an important role in the fouling and CP phenomena.

Finally, even with the correct choice of membrane and operating conditions, the membranes must be cleaned regularly, either by physical ways (such as sponges, water jets or back flushing) [START_REF] Machenbach | Drinking Water Production by Coagulation and Membrane Filtration[END_REF] , or chemical ways including the use of acids and bases to remove foulants and impurities [START_REF] Ogunbiyi | Comparison of Different Pitch Lengths on Static Promoters for Flux Enhancement in Tubular Ceramic Membrane[END_REF] .

As mentioned in the first section, the filtration process can also be performed using hydrogel membranes. In this context, we will be interested in the following section to report the different hydrogels systems used in this sense in the literature. A special description will be given to PEGDA-based hydrogels in the last part of this section, as it is the targeted hydrogel herein.

HYDROGELS FOR FILTRATION

Due to their porous network structure, hydrogels can be used as diffusion medium for the transport of different particles and substances. As the diffusion of solutes in hydrogels has application in a wide variety of biomedical applications (such as drug delivery), it is therefore important to have an understanding of the parameters governing solute diffusion within hydrogels, as well as the means by which they affect diffusion. As well, hydrogels are also used as filtration media for the controlled permeability or rejection properties of solutes under applied pressure. In this section, we will describe first the effects that may impact the solute diffusion properties, and then the filtration process through hydrogel membranes in the form of thin coated films on classical support or as free-standing membranes.

Hydrogels as diffusion barriers

Hydrogels are open systems where substances can diffuse into and out. However, as a result of their structures, solute movement in hydrogels is restricted to a much greater extent than in an aqueous medium [START_REF] Amsden | Solute diffusion within hydrogels. Mechanisms and models[END_REF] . In this case, hydrogels may serve as a selective barrier. For this reason, many researchers have sought to understand the factors that affect solute movement through hydrogel membranes. Consequently, various models have been established to describe the diffusion behaviors. These models include those based on obstruction [START_REF] Ogston | The spaces in a uniform random suspension of fibres[END_REF][START_REF] Johansson | Diffusion and interaction in gels and solutions. 3. Theoretical results on the obstruction effect[END_REF] , hydrodynamic [START_REF] Cukier | Diffusion of Brownian spheres in semidilute polymer solutions[END_REF] and free volume theories [START_REF] Yasuda | Permeability of solutes through hydrated polymer membranes. Part I. Diffusion of sodium chloride[END_REF][START_REF] Lustig | Solute diffusion in swollen membranes. IX. Scaling laws for solute diffusion in gels[END_REF] , as illustrated in (Figure 1.14). In the obstruction theory, the polymer network is considered to behave as an obstacle preventing the diffusion of particles (Figure 1.14 a). Based on this theory, Ogston model has assumed that the polymers are randomly oriented in straight rigid fibers, and the diffusion coefficient of a particle (𝐷) is given by the possibility of a particle penetrating through the suspension as (Equation 1.21):

𝐷 𝐷 0 = 𝑒 -𝐾∅ (1.21)
where 𝐷 0 is the diffusion coefficient of a particle in the absence of polymers, 𝐾 is the retardation coefficient depending on the shape of a particle, and 𝜙 is the polymer volume fraction.

In the hydrodynamic theory, the existence of polymer causes the hydrodynamic friction and decreases the diffusion rate of particles, as illustrated in (Figure 1.14 b). Cukier model which is the representative model for this theory, gives 𝐷/𝐷 0 as a function of the screening constant (κ) related to the friction caused by the network, as written in Equation 1.22:

𝐷 𝐷 0 = 𝑒 -𝜅𝑅 (1.22)
where 𝑅 is the radius of the particle.

The third theory is the free volume theory, in which particles diffuse passing through free volumes of solvent and polymer (Figure 1.14 c). Yasuda applied this concept to the particle diffusion in gels. In Yasuda's model, 𝐷/𝐷 0 is given by the possibility of a particle finding a proper free volume as (Equation 1.23):

𝐷 𝐷 0 = 𝑒𝑥𝑝(- 𝑥𝑅 𝑉 𝑓𝑠 ( ∅ 1-∅ )) (1.23)
where 𝑥 is a constant and 𝑉 𝑓𝑠 is the free volume of a solvent.

Models based on this theory contain more parameters than those on other theories, described before. However, they are limited to describe the diffusion of small particles in hydrogels with high water content.

The review of Witten et al. describes the effect of steric hindrance and chemical interaction on the particle transport through hydrogel network [START_REF] Witten | The particle in the spider's web: transport through biological hydrogels[END_REF] . In general, the transport of a solute through a gel is controlled by the solute's size, its interactions with the components of the gel, or a combination of the two, as shown in (Figure 1.15). As described in the previous models, hydrogels with a polymeric mesh size constrains the diffusion of large particles, with a size above the mesh size of the gels (Figure 1.15 a). Moreover, depending on their chemistry, the gel components interact with solutes through electrostatic or hydrophobic interaction thereby differentially affecting diffusion. A lack of interactions enables unhindered diffusion while binding to hydrogels, reduces the effective solute diffusivity and hinders penetration [START_REF] Lieleg | Biological hydrogels as selective diffusion barriers[END_REF][START_REF] Lieleg | Characterization of particle translocation through mucin hydrogels[END_REF] . Other than a diffusion barrier, hydrogel network is used as a filtration membrane in the presence of applied pressure. Thus, in the next sections, we will describe how the hydrogel membranes can be used for such kind of application, either as a coating layer on classical filtration membranes or used as a free-standing membranes.

Hydrogels as coating films for filtration processes

In general, polymeric UF membranes, composed of PS, PES, PAN and PVDF, are widely applied in many separation fields and water treatment for their good thermal, chemical and mechanical stability. However, the hydrophobicity of these membranes is one of their main issues in separation techniques, such as for protein purification, biological wastewater treatment to name but a few. This causes significant membrane fouling, resulting in increased operating costs and more frequent cleaning and replacement of the membrane. Therefore, typical membrane surface modification methods, using hydrophilic polymeric substances, have been introduced recently to improve the inherent anti-fouling properties of membranes [101][102][103][104][105][106][107][108][109][110][111][112][113][114][115][116] . Owing to their superior hydrophilicity, hydrogels, cross-linked three-dimensional network structures, have attracted researchers' attention to form more stable hydration layers to prevent proteins fouling on membrane surfaces.

The recent studies showed modification of filtration membrane with hydrogel layers are gathered in Table 1.2.

Table 1.2. Comparison of several newly published work of hydrogel modified membranes.

The different methods used to modify hydrophobic filtration membranes allow the formation of a hydrogel layer with a thickness ranging between several hundreds of nanometer to about ten of micrometer. The thickness of the hydrogel films depends largely on the grafting degree of the polymer on the support membrane, the polymer concentration constituting the matrix, the duration of the cross-linking reaction as well as the UV-irradiation dose and exposure time.

Surface modification of hydrophobic membranes has significantly enhanced the membrane hydrophilicity, the water permeability as well as the anti-fouling properties. For example, the water contact angle (WCA) of the PVDF membrane have largely decreased from 118° to 0°, after their modification with poly(N-acryloyl glycinamide) PNAGA hydrogels layers, illustrating the superior membranes hydrophilicity 101 . Furthermore, the modified membranes coated with these water-absorbing networks exhibit extremely high anti-fouling efficiency in bovine serum albumin (BSA, 66 kDa), used as a protein model, for filtration tests. In most of these studies, the high rejection rate of BSA (> 97%), by hydrogel-modified membranes, provides new insights for anti-fouling membrane design and application in protein purification, bio-separation and so on.

Despite these enhanced properties, coating and grafting methods of hydrogels still have some drawbacks, mainly the adsorption of part of the pollutants that pass through the hydrogel layer by the hydrophobic support during filtration. Consequently, the resistance to the protein and pollutant fouling of the modified membrane is not well controlled.

Hydrogels as free-standing membranes for filtration processes

To avoid the problem of filtration membranes fouling, free-standing membranes prepared with hydrogel materials are used without the need for a hydrophobic substrate. However, few researchers have used the hydrogels as free-standing materials for filtration due to the poor mechanical properties of the most common hydrogels. Therefore, recent studies have focused on the development of tough hydrogel systems that may be used directly as filtration membranes.

Among these studies, Zhang et al. have synthesized a free-standing calcium alginate/polyacrylamide (CA/PAM) hydrogel filtration membrane via UV radiation-reduced polymerization 117 . This hybrid gel system was characterized by its strong extensibility and pressure-resistance properties 118 . The mechanical behavior of this system is strongly affected by the densities of ionic and covalent cross-links. The highest elastic modulus value is 100 KPa, depending on the fraction of acrylamide. Thanks to these properties, CA/PAM hydrogel with a thickness of 0.244 mm, presents a higher water flux recovery after the alternating filtration flux between the pure water and BSA solution, as represented in (Figure 1.17). This result indicates that CA/PAM filtration membrane exhibited excellent anti-fouling properties for BSA. Recently, PEG-based hydrogels have attracted researchers' attention as free-standing membranes for filtration process. PEG is characterized by its highly hydrophilic nature, its nontoxicity and its anti-fouling properties. It is able to coordinate with surrounding water molecules by hydrogen bonding and repel organic or biofouling agents. These properties provide it to be suggested for use in a wide range of biomedical application 120,121 . Substituting PEG terminal hydroxyl groups with acrylates, forming PEGDA, allows the polymer to be cross-linked to form a three-dimensional polymer network. One of the reported mechanism of PEGDA polymerization under UV light is described in the next section.

PEGDA-hydrogel has proven its efficiency as a free-standing membrane to tune water permeability, solute rejection and protein fouling resistance in filtration process 33, 113, 114, 122- 124 . In addition, it is characterized by highly tunable properties such as mechanical and structural properties, depending on the molar mass or concentration of the polymer 125 . The use of PEGDA free-standing hydrogels for filtration process and the resulting properties are detailed in the next section.

PEGDA based hydrogel membranes for filtration

Due to its tunable and well-characterized mechanical and structural properties, PEGDA is used as a promising material to develop a free-standing membrane for filtration. In this section, we will first describe the mechanism of the PEGDA photopolymerization and the significant properties of PEGDA hydrogels, then their uses as membranes for filtration.

Generalities of PEGDA hydrogel

A) PEGDA hydrogel synthesis and application

Poly (ethylene glycol) diacrylate (PEGDA) is a derivative of poly (ethylene glycol) (PEG)

which is a charge neutral polymer available in a wide range of molar masses. The chemical structure of PEGDA is shown in (Figure 1.19 A). In general, the polymerization of PEGDA in the presence of a solvent (water) results on hydrogels with different degree of polymer network heterogeneity, depending mainly on the water composition in the prepolymerization solution. By analyzing the structure of PEGDA hydrogels, we will see in the next section that hydrogels prepared with large content of water are porous and heterogeneous gels, in contrast to gels prepared with low water content.

B) Structural and mechanical properties of PEGDA hydrogel

The structure and properties of PEG-based hydrogels depend mainly on PEGDA polymer chain length and PEGDA:water content in the prepolymerization mixture.

In order to investigate the hydrogel structure, conventional (SEM) and cryoscanning electron microscopy (cryoSEM) are the most used techniques.

For example, Kang et al. 114 have studied the surface morphology and interior structure of PEGDA membranes with a molar mass of 302 g.mol -1 and different water content (from 0 to 55 wt%) by SEM. They have found that the interior and surface morphologies of these membranes were similar. For brevity, they have shown only the images of the cross-sectional morphologies of two membranes prepared with pure and 45 wt% PEGDA/55 wt% water, as represented in (Figure 1.21). This difference in hydrogels structure is expected because the appearance of PEGDA-700 g.mol -1 free-standing films right after polymerization turned gradually from transparent to translucent as prepolymerization water content increased from 50 to 80 wt%, as reported in the study of Ju et al. 122 . This behavior is explained by the polymerization induced phase separation (PIPS) process which occurs during cross-linking. This phase separation will occur if the water content in the prepolymerization mixture exceeds the maximum equilibrium water content of the cross-linked polymer during polymerization. Consequently, the extra water is rejected out of the network, forming a water-rich phase, separated from the polymer-rich one 131,132 . In some cases, the water-rich domains are dispersed in the film in regions with sizes ranging from 100 nm to 1µm [132][133][134] . These regions (i.e. pores) scatter light, resulting in a loss of transparency.

The variation of the equilibrium water content in hydrated PEGDA cross-linked films as a function of the prepolymerization water content for various PEGDA chain length have been studied by Ju et al 122 . To obtain this data, the membranes were first immersed in and equilibrated with deionized water to calculate their swollen weights, 𝑊𝑠, after blotting the free water on the surface; and then dried in a vacuum oven at ~80°C for 24 h, prior to determine their dry weights, 𝑊 𝑑 .

The equilibrium water content of the hydrogel membrane is calculated a follow in Equation 1.24:

𝑋(%) = 𝑊𝑠-𝑊 𝑑 𝑊 𝑠 (1.24)
The results are presented in (Figure 1.23). In this figure, the dashed line is the parity line, representing the case where the equilibrium water content in cross-linked PEGDA membrane (XLPEGDA) equals the water content in the prepolymerization mixture. First, for the films prepared with the same PEGDA chain length, the equilibrium water content increases as prepolymerization water content increases. For example, for PEGDA chains with 𝑛=13, the equilibrium water content increases from 33 to 78 wt%, when the prepolymerization water content increases from 0 to 80 wt%, respectively. As well, films prepared using longer PEGDA chains generally have higher equilibrium water content when the prepolymerization water content is held constant. When the PEGDA films can absorb additional water (i.e., beyond that present in the prepolymerization mixture) after cross-linking, the water content values are above the parity line. While the points below the parity line correspond to the situation where the film cannot absorb, at equilibrium, as much water as was present in the initial prepolymerization mixture. The additional water forming voids during the cross-linking process, as explained by the PIPS process.

In addition to these works, researchers have been interested to study the molecular origin of the nanostructured heterogeneities of PEGDA hydrogels, by small angle X-ray (SAXS) and neutron scattering (SANS) techniques 135,136 . These techniques are able to probe length scales relevant to the polymer network.

For example, Molina et al. 137 has explained the heterogeneous structure of PEGDA gels resulting from polymerization-induced microphase separation, by using SANS technique. In this study, the gels were prepared in D2O to enhance contrast between polymer and solvent. In Red lines represent acrylic backbones and blue lines represent PEG macromers 137 .

In order to elucidate the mechanism of heterogeneity in PEGDA hydrogels, they have measured the void volume fraction ∅ 𝑣𝑜𝑖𝑑 , as well as the polymer network volume fraction, ∅ 0,𝑛 , which is the volume fraction of polymer in the PEGDA dense phase. They have studied how ∅ 𝑣𝑜𝑖𝑑 and ∅ 0,𝑛 depend on the total PEGDA concentration, ∅ 0 , and PEGDA molar mass.

The polymer content in the PEGDA rich phase is defined as follows (Equation 1.25):

∅ 0,𝑛 = ∅ 0 1-∅ 𝑣𝑜𝑖𝑑 (1.25)
The results are represented in (Figure 1.25). The polymer concentration in the dense phase is ∅ 0,𝑛 ~ 0.5, nearly independent on both polymer molar mass and the total PEGDA concentration ∅ 0 (Figure 1.25 a). This result is surprising as this value should be fixed by a competition between the enthalpy changes due to the interaction between the polymer and solvent molecules, and the entropic components of free energy change of mixing, as described in section 1.1.4. Hence, we would expect that ∅ 0,𝑛 decreases with increasing PEG molar mass.

This value of ∅ 0,𝑛 being almost constant, it follows that decreasing the total water volume fraction, or increasing the total polymer fraction,∅ 0 , leads to a decrease in volume fraction of voids ∅ 𝑣𝑜𝑖𝑑 (Figure 1.25 b). Furthermore, based on the SANS fitting parameters of hydrogels, formed from varying molar mass and volume fraction of PEGDA, they found characteristic void sizes in the range of tens to hundreds of nanometers. These values are much larger than the average distance between cross-links in the hydrogel systems. Thus, they suggest that the formation of these voids is due to a polymerization-induced phase separation process, as observed before with the microscopic images.

Among the several proposed mechanisms to explain the nanoscale heterogeneities in hydrogels, the results obtained are based on the mechanism explained in Reference 138 . When the polymerization reaction starts and the molar mass of the newly formed branched polymers increases, there can be an entropically driven phase separation between polymer-rich and polymer-poor phases which leads to networks with heterogeneities of different morphologies depending on the phase behavior and the competition between the reaction rate and the phase separation rate 138 .

In conclusion, studying the heterogeneity and the porous structure of PEGDA hydrogels is critical in determining their different macroscopic properties for the majority of their application.

Beyond that, PEGDA hydrogels have sufficient mechanical properties, making them the most hydrogels used in the separation and wastewater treatment processes 33,113,114,[122][123][124] . The mechanical properties of the PEGDA hydrogels can be controlled by varying the molar mass or concentration of the polymer. For example, the increase in elastic modulus is due to increasing polymer concentration or decreasing polymer molar mass As well, the effect of various content of PEGDA-258 g.mol -1 on the elastic modulus of PEGDA-based hydrogels samples measured in tensile tests and the corresponding strains at break is also studied by Gabler et al. 142 . As shown in (Figure 1.26), when the PEGDA content increases from 20 to 50 wt%, the elastic modulus increases up to 12 MPa. However, the strain at break (Z) decreases from about 40% down to 10% for high PEGDA contents. PEG molar mass can also be an effect on the mechanical properties of PEGDA hydrogels. For example, the elastic modulus of PEGDA hydrogels with PEG chains of 2000 g.mol -1 is about 60 KPa. This value decreases to ~ 35 and 5 KPa when the PEG molar mass increases to 10 000 and 20 000 g.mol -1 , respectively 143 .

Collectively, these properties make PEGDA hydrogels one of the most widely used materials for biomedical application 144 as well as for filtration and microfluidic devices.

C) Controlling PEGDA hydrogel porosity

As mentioned before, the hydrogel porosity, which is related to the mesh size between the crosslinks points, is about several nm. This nanoporosity may affect the diffusion properties of the resulting gel as well as the control transport of large molecules and solute. To increase the transport properties and hydrogel porosity, several methods, such as the use of porogens, phase separation, and foaming have been reported in the literature [145][146][147] . These methods allow to introduce porosity in hydrogel network for significant diffusion of large solutes and proteins within the network or for filtration process. Among these techniques, the use of porogens is the most facile method, which provides superior control and tunability of the porous structure of the cross-linked hydrogels. It involves the photo-crosslinking of the prepolymerization solution containing porogen, followed by dissolution of the incorporated porogen.

For example, in order to create porous hydrogel with pore sizes ranging between 20 to 80 µm, salts crystals (sodium chloride) of a defined size are added to the precursors polymer solution, before polymerization 148 . The salt crystals are then leached out, by incubation the gels in large volume of water, resulting in porous hydrogels for applications in tissue engineering. The structures of porous hydrogels obtained by salt-leaching are represented in (Figure 1.27). Polymer chains such as small PEG chains with a molar mass < 35 000 g.mol -1 , are often used as a water-soluble porogen, and previous studies have shown that incorporation of the PEG produces a porous morphology in PEGDA hydrogels 150 . This porous structure, of the order of tens of nanometer, depending on the PEG chains length, permitted significant diffusion of 250 kDa dextran compared to the non-porous structure.

PEG is successfully used as a porogen, as it forms large pores with a "protein-friendly" surface, such as bovine serum albumin protein (BSA). It has been found that PEG 600 g.mol -1 serves as an effective porogen to allow for the capture of large (∼1000-3700 nt long) mRNAs 151 . As PEG 600 porogens do not participate in the photo-cross-linking reaction, they are supposed to be removed from the hydrogel by simple rinsed, although this has not been proven. Other studies imply the use of large PEG chains with molar mass such as 4000, 6000 and 10 000 g.mol -1 as the pore-forming agent 152 . The high average diameter of PEG macromolecules (i.e. coil formation) in aqueous media attributed to the high PEG molar mass, results in large pores within the hydrogel structure. The difficulties of removing the PEG porogen with high molar mass from the structure limited the use of porogen 153 .

In conclusion, regardless the method used to create pore in hydrogel structure, the overall structure of the porous network is greatly influenced by the type, molar mass and concentration of the porogen used 154 . Furthermore, the control of the hydrogel porosity is of great interest for the control of these membranes permeability in the context of filtration applications. However, the formation of porous hydrogel network using these templating approaches is achieved in two steps. One of them consists on the removal of the template (or porogen) either by rinsing the membrane or by specific chemical treatment which limit their use for different applications.

In the next section, we will detail the use of free-standing PEGDA membrane for filtration applications. In particular, we will report the water permeability and the protein rejection of PEGDA free-standing membranes.

Water permeability properties of free-standing PEGDA membrane

PEGDA membranes have attracted the researchers' attention for filtration applications due to their hydrophilic nature, biocompatibility, and excellent fouling resistance 155,156 .

In these cross-linked polymers, great attention was given to the influence of water content and PEGDA chains length on the physico-chemical, solute transport and water permeability properties of the hydrogel 33,114,122,124 .

For example, Ju et al. 113 have studied the effect of water content (0-80 wt%) on the water permeability for cross-linked PEGDA-700 g.mol -1 materials synthesized by UVphotopolymerization. Water permeability was measured during dead-end filtration at ambient temperature using stirred ultrafiltration cells and MilliQ water as the feed solution. As shown in (Table 1.4), it increases significantly as prepolymerization water content increases. For example, the water permeability for PEGDA films with 80 wt% water is 30 times higher than those prepared with 50 wt% water in the prepolymerization mixture. Moreover, longer PEGDA chain networks (n = 23 and 45) exhibit higher water permeability than short-chain networks when both are prepared at the same prepolymerization water content.

This trend is reasonable because increases in PEGDA chain length should reduce cross-link density, thereby increasing network mesh size, as well as the water transport and permeability.

In addition, PEGDA free-standing hydrogels exhibit excellent anti-fouling BSA protein and solvent resistant properties. BSA accumulation on the hydrogel surface during water purification processes is also influenced by the PEGDA chain length and prepolymerization water content. Films prepared by higher prepolymerization water content and longer PEGDA chain length are more hydrophilic, thus their surfaces generally exhibit less BSA adhesion, as represented in (Figure 1.30). 

Water permeability properties of PEGDA/PEG membrane

As mentioned above, the transport properties and porous structure of PEGDA hydrogel can be enhanced and controlled by the use of polymer porogen such as PEG chains of low molar mass.

In this context, Salmon et al. 157 have reported the fabrication of PEGDA-700 g.mol -1 hydrogels, with controlled permeability to water flow, and tunable nano-porosity, in the presence of PEG-1000 g.mol -1 in the prepolymerization solution. They have synthetized these thin permeable hydrogels within microfluidic channels, due to their great advantages in many applications such as membrane based separation processes 158, 159 , pre-concentration or purification of biological samples 160,161 , and in situ investigations of fouling mechanisms and flow control 162,163 . They have measured the trans-membrane flux 𝑣 for PEGDA membrane under different applied pressure. As the water flux varies linearly with the applied pressure, they can determine the membrane permeability 𝐾 from a linear fit using the Darcy's law, as shown in Figure 1.32 a.

The permeability obtained was about 𝐾 ≈ 4x10 -17 m 2 , depending on the membrane formulation and exposure conditions. The diffusional transport of higher molecular weight solutes with larger hydrodynamic radii occurred at a slower rate when compared to that of lower molecular weight solutes. In addition,

PEGDA hydrogel concentration has shown also an effect on transport properties. Increases in hydrogel concentration from 5 to 20% (w/v) were shown to be inversely related to solute diffusion rate and the effective diffusivity of the hydrogel-solute system. At the low hydrogel concentration (5%), toluidine blue (Mw =305 Da) had the highest effective diffusivity (1.86x10 - 5 cm 2 .s -1 ). However, when increasing the hydrogel concentration to 10 and 20%, the effective diffusivity of toluidine blue decreased to 1.75x10 -5 and 8.45x10 -6 cm 2 .s -1 , respectively. As already mentioned above, this trend was attributed to the decrease in average hydrogel pore size as a function of increasing PEGDA concentration.

POSITIONNING OF THE PhD WORK WITH RESPECT TO THE LITERATURE STUDY

In conclusion, we have reported in this chapter the different structural, mechanical and swelling properties of hydrogel networks in general. In addition, we have described studies concerning various filtration processes and classical porous membranes. Finally, we have made an overview of the hydrogel systems used in the context of filtration and separation, either as a thin coating films on the hydrophobic membranes or as free-standing hydrogels membranes.

We have seen that PEGDA based hydrogels present several advantages with respect to filtration experiments i.e simple synthesis method, good mechanical properties and hydrophilic nature.

The main originality of our approach with respect to the existing literature is that we add large PEG chains into the prepolymerization solution, that -we will show later-are trapped in the PEGDA matrix. This enables us to control the nanometric and micrometric porous structure of the hydrogels as well as their permeability over serval orders of magnitude. Another advantage of our PEGDA/PEG membranes with respect to the literature is that they are prepared in a onestep process. Finally, we provide a systematic study of the effect of PEG concentrations and molar masses on the evolution of permeability and structural properties of PEGDA/PEG hydrogel membrane. 

ABSTRACT

Hydrogels which are hydrophilic and porous materials have recently emerged as promising systems for filtration applications. In our study, we prepare hydrogel membranes by the photopolymerization of a mixture of poly (ethylene glycol) diacrylate (PEGDA) and large poly (ethylene glycol) (PEG) chains of 300 000 g.mol -1 in the presence of a photoinitiator. We find that this addition of free PEG chains induces a large and non-linear increase of the water permeability. Indeed, by changing the content of PEG chains added, we obtain variations of the hydrogel water permeability over two orders of magnitude. The highest water permeability values are obtained for the membranes when the PEG concentration is equal to its critical overlap concentration C*. Moreover, we find that the flow rate of water through the membranes varies non-linearly with the pressure. We relate this result to the deformability of the membranes as the applied pressure leads to a compression of the pores. This study provides new perspectives for the design of flexible hydrogel membranes with controlled permeability and their application in water treatment and bioseparation.
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INTRODUCTION

Pressure-driven membrane technologies, such as microfiltration, ultrafiltration, nanofiltration and reverse osmosis, have proven their effectiveness in a broad range of water treatment applications 1,2 . The porous structure of membranes, either composed of ceramics or polymers, controls the size of the particles that permeates through the membrane. Fouling of membranes with bio-organisms and proteins usually limits the life time and permeability of membranes 3,4 .

Hydrogels, which are networks of polymer chains in water, have a porous and hydrophilic structure which has recently attracted the attention of researchers in the context of filtration and separation 5 . Their network structure also enables ones to control the Brownian diffusion of species through them [6][7][8][9][10] which can be used for drug delivery purpose 11 . Controlling the transport of solvents, ions, solutes and particles in such polymer networks is also desirable for other applications such as catalysis, fuel cells and batteries and can be done by controlling their microscopic morphology and porosity 12 . In the context of water treatment 13 , biomolecular separation 14,15 , virus filtration 16 or even crude oil emulsion separation 17 , thin coatings of hydrogels deposited on conventional filtration membranes have been used to prevent fouling of membranes by proteins. Indeed, classical hydrophobic membranes made of polysulfone (PSF) 18 , polyethersulfone (PES) 19 , or polyvinylidenefluoride (PVDF) 20 , and coated with a hydrogel layer enable both to increase the hydrophilicity of the membranes and to decrease their affinity with hydrophobic proteins.

Recently poly (ethylene glycol) diacrylate (PEGDA)-based hydrogels have been used either as thin coatings on hydrophobic membranes 18,21 or as stand-alone thick membranes 22,23 . Ju and colleagues 22 studied the water permeability of a family of cross-linked poly (ethylene glycol) diacrylate (PEGDA) membranes. PEGDA is particularly suitable for filtration experiments as it can sustain high filtration pressures owed to its excellent mechanical properties 24 .

Micron-sized PEGDA/PEG hydrogels are also used for microfluidic filtration applications [25][26][27] where small free PEG chains (𝑀𝑤 ̅̅̅̅̅ ~1000 g.mol -1 ) are added in the prepolymerization mixture in the context of protein crystallization 28 . After polymerization, the small free PEG chains are expected to be rinsed out of the membranes hence enabling the increase of the permeability of PEGDA hydrogels over one order of magnitude depending on the PEG concentration 27 . To control the permeability of PEGDA hydrogels, other studies report the polymerization of PEGDA in the presence of a sacrificial template (or porogens) such as salt crystals 29 , or sacrificial particles 30 which are dissolved after polymerization. Although these methods allow the formation of larger porosities in the hydrogels, some of them involve removing these templates using a chemical treatment which limits their application.

In our study, we focus on the filtration properties of free-standing hydrogel membranes, of millimetric thickness, composed of a PEGDA matrix in which large free PEG chains (𝑀𝑤 ̅̅̅̅̅ =300 000 g.mol -1 ) are added at varying concentrations. Here, the free PEG chains are not used as templates but remain trapped inside the PEGDA matrix. Hence, a great advantage of these membranes is that they can be prepared in a one-step process. We show that varying the PEG concentration enables tuning the PEG/PEGDA hydrogel's permeability over two orders of magnitude, including an optimum with the PEG concentration corresponding to the critical overlap concentration of PEG solutions. Moreover, we show that the permeability of the PEG/PEGDA membranes strongly depends on the applied pressure. We suggest that this nonlinear behavior is due to a deformation of the hydrogel matrix induced by the confined viscous flow. These results are promising for the development of versatile macroporous hydrogel membranes with tunable and non-linear water permeabilities.

EXPERIMENTAL SECTION

Materials

We use poly (ethylene glycol) diacrylate PEGDA (𝑀𝑤 ̅̅̅̅̅ =700 g.mol -1 ) oligomers with 13 ethylene oxide units and 4-(2-hydroxyethoxy) phenyl 2-hydroxy-2-propyl ketone (Irgacure 2959) photoinitiator which are purchased from Sigma-Aldrich. Linear poly (ethylene glycol) (PEG) (𝑀𝑤 ̅̅̅̅̅ =300 000 g.mol -1 , Đ =2.1) is purchased from Serva. Water is purified with a Milli-Q reagent system (Millipore).

PEGDA hydrogels preparation

The PEGDA and PEG/PEGDA membranes are synthesized via UV-initiated free-radical photopolymerization, using Irgacure 2959 as the photoinitiator. The prepolymerization solution is prepared by adding 0.1 wt% photoinitiator (Irgacure 2959) into pure PEGDA. After stirring, the solution is mixed with water to obtain a prepolymerization solution composed of 16 wt% PEGDA and 84 wt% water. The prepolymerization solution is then sandwiched between two glass plates (120x80 mm 2 ) which are separated by 1-mm-thick spacers to obtain a membrane thickness of 1 mm. Then the solution is polymerized under irradiation with UV light (Intensity =1800 µW/cm 2 ) with a wavelength of 365 nm for 10 min. After polymerization, the obtained hydrogels are placed in a Petri dish with pure water for at least 24 hours prior to filtration experiments, in order to remove any unreacted PEGDA oligomers or unentrapped PEG chains.

As explained in Figure S2.1, the obtained hydrogels right after polymerization contain 82% of water and 18% of PEGDA. Moreover, once immersed in deionized water, they do not swell or deswell over four days at room temperature, consistently with the study of Ju et al. 22 .

To obtain the PEG/PEGDA hydrogels, PEG-300 000 g.mol -1 is dissolved in the prepolymerization solution. To prepare the sample, we keep the masses of PEGDA and water constant and add varying quantities of PEG-300 000 g.mol -1 in the prepolymerization solution so that the PEG weight percentage 𝜱 𝑃𝐸𝐺 in the prepolymerization solution ranges between 0.4 wt% and 7.7 wt%. For the filtration and mechanical measurements, the membranes are then cut to obtain 1-mm-thick disks of diameter either 14 mm or 45 mm using punch cutters with corresponding diameters. As shown in Figure S2.1, by weighing the hydrogel disks in the preparation state, and after drying, we find that the water content is comprised between 80 and 82% for all the prepared hydrogels. Moreover, no significant swelling is measured when the hydrogels are immersed in pure water at room temperature.

Chemical composition of hydrogels

The chemical composition was analyzed by Fourier-transform infrared spectroscopy FTIR (Bruker, Tensor 27 instrument equipped with a Digitect DLaTGS detector). The FTIR spectroscopy resolution is about 4 cm -1 and the infrared radiation ranging approximately from 4000 to 400 cm -1 . The number of averaged scans is 32.

Atomic Force Microscopy (AFM) measurements

AFM images were obtained with a Bruker Icon microscope driven by a Nanoscope V controller.

The surface of the hydrogel membrane immersed in water was observed in Peak Force mode.

The height images were acquired with a cantilever of spring constant 0.7 N.m -1 specially designed for this application. In this mode, similar to a rapid approach-retract experiment, the cantilever oscillates at a frequency of 1 kHz. The scanning frequency was 0.7 Hz and the maximum force was set to 500 pN.

Mechanical measurements

Disc-shaped hydrogel membranes were used to test the mechanical properties. Before mechanical testing, the gels were conserved in water overnight. Discs were 14 mm in diameter and ~1 mm in thickness. Samples were tested under compression using an Instron 5565 testing machine at a deformation speed of 0.01 mm.s -1 . Discs were compressed between 10 and 40% of their original thickness and then unloaded to determine their elastic recoil capacity. The stress 𝜎 (Pa) was calculated from the ratio between the force 𝐹 and the initial sample area 𝑆 0 using the (Equation 2.1):

𝜎 = 𝐹 𝑆 0 (2.1)
The strain ɛ (%) was calculated from the sample thickness in the initial state (h0) and in the compressed state (h) as given in (Equation 2.2):

ɛ = ℎ ℎ 0 𝑥 100 (2.2)
The effective Young's modulus of each gel was calculated from the slope of the stress-strain curve, in the range of >1-4 % in strain, in the loading phase, using the Hooke's law given in (Equation 2.3):

𝐸 = 𝜎 𝜀 (2.3) 
For all samples, 𝐸 was calculated from adjusting the stress-strain data at strain >1-4%, while some curve variability was observed at the very low strains (0-1%) because of parallelism issues.

Filtration experiments

Water permeability through conventional and PEG-modified PEGDA hydrogels was measured using a dead-end ultrafiltration UF cell obtained from Fisher Scientific S.A.S. (Amicon Model 8050, 50 mL for 45 mm Filters), as shown in Figure 2.1. The filtration was performed at ambient temperature, with Milli-Q water as the feed solution. A maximum feed pressure of 1 bar was used. The membrane with the area 15.90 cm 2 was fixed in the membrane holder of the cell. We first checked that the flow rate at a given pressure 𝛥𝑃 was constant during hours for all the samples. Then, standard filtration experiments were performed by increasing the pressure from 100 mbar to 1 bar and waiting 10 minutes at each pressure, while weighing the liquid permeate as a function of time with a balance (Sartorius) to obtain a precise measurement of the flow rate 𝑄. where 𝑄 is the water flow rate (m 3 .s -1 ) calculated from the slope of the variation of the accumulated permeate volume (m 3 ) as a function of time (s), 𝜇 is the water viscosity (Pa.s), h is the hydrogel thickness (m), S is the surface area of the hydrogel membrane (m 2 ) and ∆𝑃 is the pressure difference across the membrane (Pa). The water flux is calculated from the value of water flow rate according to (Equation 2.5):

𝐽 = 𝑄 𝑆 (2.5)
Permeate samples were analyzed using a total organic carbon (TOC-L series from Shimadzu) in order to determine if PEG-300 000 g.mol -1 chains were washed out of the gel during the filtration experiments.

RESULTS

Hydrogel membranes characterization

In order to follow the polymerization reaction of PEGDA oligomers, FTIR spectra were acquired for the as-received PEGDA oligomer, conventional PEGDA sample and PEGmodified PEGDA samples. The analyzed samples were obtained from hydrogels via drying in a vacuum oven at 80° C for 2-3 h. Figure 2.2 presents the FTIR spectra of dried PEGDA hydrogels membranes prepared with 16 wt % of PEGDA and various PEG-300 000 g.mol -1 contents in prepolymerization mixture. In the PEGDA oligomer spectrum, we find the characteristic peaks that are attributed to the carbonyl groups C=O at 1724 cm -1 and the C=C bonds at 1633 cm -1 . For the cross-linked PEGDA or mixture of PEGDA/PEG samples, we observe that the peaks of carbonyl groups remain the same, while the characteristic peak of the C=C bonds at 1633 cm -1 from PEGDA has disappeared. This suggests that the hydrogel films were successfully synthesized after UV cross-linking. Our results confirm that the PEGDA polymerization reaction is complete even after the addition of free PEG-300 000 g.mol -1 chains of different concentrations.

While the membrane of PEGDA/PEG_0 wt% is colorless and transparent, the addition of free PEG chains induces a strong turbidity of the samples as shown in Figure 2.3 a, b, c consistently with a heterogeneous structure with spatial variations of the index of refraction that scatter light and which size ranges from several hundreds of nanometers to micron size.

To further characterize the hydrogels structure, AFM measurements were performed in water for a series of PEGDA hydrogel membranes prepared with various PEG-300 000 g.mol -1 contents (Figure 2.3 d to i). For PEGDA/PEG_0 wt %, the hydrogel presents a surface with heterogeneities of the order of 100 to 200 nm in diameter which can be seen in Figure 2. When imaging the 0.8 wt% PEG/PEGDA sample with a 5 µm field of view Figure 2.3 h we find that the micron sized zones contain voids of diameter of the order of 40 nm, which is smaller than the voids observed for pure PEGDA. Several 200 nm large voids can also be seen and seem to be located in the periphery of the micron size areas. From these results we suggest that a phase separation between PEGDA and PEG controls the heterogeneous structure of the samples. According to Molina et al. 31 who showed that the volume fraction of the voids reflects the PEGDA content we suggest that the micron sized zones that contain 40 nm large voids are enriched in PEGDA with respect to the areas at their periphery.

As the PEG content increases to 4 wt%, the micron sized heterogeneities can still be seen on the 20 µm field of view image (Figure 2.3 f). However, the nanometric voids can no longer be seen on the 5 µm field of view image (Figure 2.3 i) neither in the micron sized zones nor at their periphery. The absence of voids in the micron sized zones may be due to an enrichment in PEGDA of the PEGDA rich zones. We note that the absence of nanometric water voids may also be due to a strong increase of the PEG concentration, filling the water voids either in the PEGDA rich areas or at their periphery. 

Surface AFM images with 5 µm of field of view of PEGDA hydrogel membranes prepared with

PEGDA and a) 0 wt%; b) 0.8 wt% and c) 4 wt% of PEG-300 000 g.mol -1 in the prepolymerization mixture.

Mechanical characterization

To further characterize the membranes samples, compression experiments were carried out for PEGDA/PEG hydrogel membranes prepared with various contents of PEG-300 000 g.mol -1 .

Figure 2.4 a presents the variation of the stress as a function of the strain in the linear regime (0-4%) at a deformation rate of 0.01 mm.s -1 , for deformations between 0 and 4% and stresses below 0.05 MPa, which are relevant to the filtration experiments where pressures below 1 Bar (i.e. 0.1 MPa) are applied.

For PEGDA membranes prepared without PEG (0 wt%), the effective Young's modulus value, calculated from the slope of the stress-strain curve at low strain (>1-4%), is 1 MPa, which is of the same order of magnitude as the values reported in the literature 32,33 . The addition of free PEG chains, from 0.4 wt% to 7. Young's moduli in contrast with pure PEGDA samples.

Roles of pressure and PEG concentration on water intrinsic permeability

Filtration experiments were conducted to investigate water intrinsic permeability properties of PEGDA hydrogels membranes prepared with various contents of PEG-300 000 g.mol -1 . Figure We plot the water flux J as a function of pressure in Figure 2.5 b. We obtain a linear variation between J and the pressure. The slope of this line enables us to deduce the water intrinsic permeability 𝐾 using (Equation 2.4). We find that 𝐾 ~ 10 -18 m 2 which is of the same order of magnitude as the values found by Ju and co-workers for a membrane of PEGDA-700 g.mol -1 22 .

In the presence of free PEG chains with a molar mass of 300 000 g.mol -1 at 1.6 wt%, we first notice that the volume of water recovered at constant pressure increases linearly with time, during the filtration process (see Figure 2.6 a) as in the previous case of PEGDA hydrogels.

Thus, we obtain a constant value of the water flux, J, at a constant pressure. As shown in Figure 2.6 b the water flux for these PEG/PEGDA hydrogels is two orders of magnitude higher than the one obtained for a PEGDA membrane. Interestingly, in contrast to the PEGDA hydrogel, we observe a non-linear variation of the water flux as a function of the applied pressure, as shown in Figure 2.6 b, and the water flux reaches a plateau at pressures above ~400 mbar. We calculate the intrinsic permeability value for each pressure by using (Equation 2.4). As shown in Figure 2.6 c, the value of the water intrinsic permeability 𝐾 decreases by a factor five when increasing the applied pressure by a factor ~40. We will discuss this effect later. The dashed lines are represented as guides for the eyes.

We tested the robustness and reproducibility of the results by performing up to ten filtration cycles between 0 and 1 bar rising and decreasing the pressure. Within each cycle, the water flux-pressure dependence was similar within a 25% deviation, as shown in (Figure 2.7 a).

By analyzing the PEG content of the permeate after one filtration cycle by total organic carbon (TOC) analysis, we detect a small portion of PEG in the permeate. From the obtained concentration equal to 63 mg.L -1 in the permeate, we may estimate the fraction of the PEG that was washed out from the hydrogels, knowing the total quantity of PEG in the hydrogel disks.

The fraction therefore reads in (Equation 2. These results show that the high molar mass PEG chains are not rinsed out of the hydrogel during filtration, in contrast to what the data from the literature suggest for short PEG chains that act as templates during the polymerization reaction and get rinsed away afterwards [34][35][36] .

We may attribute this difference to entanglements between the PEG chains and the PEGDA matrix, that resist to the chain withdrawal. wt%. Moreover, for all PEG concentrations, we find a non-linear relation between the water flux and the applied pressure as the water flux reaches a plateau at the highest pressures. In Figure 2.8 b, we plot the water permeability calculated at P=100 mbar according to (Equation 2.4). We observe that 𝐾 varies over two orders of magnitude with the PEG concentration and presents a maximum for a PEG concentration of 1.6 wt%. The possible origins of this behavior will be discussed in the next Section. The dashed lines are guides for the eyes.

In summary of the permeability measurements, we have shown that addition of free PEG chains to the PEGDA hydrogel network strongly modifies its permeation properties to water. The pressure dependence of the water flux J for PEGDA/PEG hydrogels is non-linear, showing a saturation-like behavior at high pressures. The low-pressure permeability strongly varies with PEG concentration and presents a maximum at about 1.6 wt% of free PEG concentration.

DISCUSSION

Permeability variation with the PEG concentration

As for any porous material, the intrinsic permeability 𝐾 of a membrane should depend on the pore size 𝑑 𝑃 , the tortuosity 𝜏 and the fraction of open pores 37 . Moreover in the case of a hydrogel, the permeability and kinetics of water transport is known to decrease with the polymer concentration 38 . The permeability of our PEDGA/PEG hydrogels is therefore related to the structure of the hydrogels, which we discuss below.

For the pure PEGDA hydrogels, the AFM images show 200 nm voids which, according to Molina et al. 31 , are water cavities dispersed in a polymerized PEGDA matrix. Interestingly, the permeability of the pure PEGDA hydrogels is the lowest of the systems studied here, of the order of 10 -18 m 2 . Assuming that 𝐾 ~ 𝑑 𝑝 2 with 𝑑 𝑝 the pore size of the membrane we deduce pore sizes of the order of 1 nm which is two orders of magnitude below the 200 nm diameter of the voids observed with the AFM. This 1 nm value seems to correspond to the length of the PEG spacers between the diacrylate groups measured by Molina et al. 31 , which are composed of 13 ethylene glycol monomer units. We therefore suggest that for the pure PEGDA samples the 200 nm water voids are mostly closed cavities that do not contribute to the permeability and that in these samples the water permeates through the PEGDA spacers.

When PEG is added to the PEGDA prepolymerization solution, the permeability of the PEG/PEGDA hydrogels increases by two orders of magnitude and reaches a maximum at a PEG concentration of 1.6 wt% which corresponds to the critical overlap concentration C* of PEG 300 000 g.mol -1 chains, as measured by a rheological measurement of the PEG solutions and PEG/PEGDA prepolymerization solutions (Figure S2.2). Note that the same value of C* has been obtained by the following (Equation 2.7) 39 :

𝐶 * = 𝑀𝑤 ̅̅̅̅̅ 4 3 𝜋𝑟 𝑔 3 𝑁 𝐴 (2.7)
where 𝑀𝑤 ̅̅̅̅̅ is the average molar mass of the polymer, rg is the gyration radius (of the order of 20 nm for PEG-300 000 g.mol -1 ) of polymer coils and NA is Avogadro number: NA = 6.023x10 23 mol -1 .

At concentrations below C*, the AFM measurements performed on the PEGDA/PEG samples showed micron sized zones containing 40 nm large water voids which are smaller than the 200 nm voids observed in PEGDA/water samples. At C*, the permeability reaches 10 -16 m 2 , from which we get a rough estimation of the pore size, 𝑑 𝑝 ~ 𝐾 1/2 ~ 20 𝑛𝑚 neglecting parameters as tortuosity and pore volume fraction. Interestingly this value is the same order of magnitude as the pore sizes obtained by AFM. We therefore suggest that the 40 nm pores present some level of connectivity and contribute to the permeation of water.

Based on Molina's article which showed that increasing the PEGDA content in PEGDA/water systems leads to a decrease of the void volume fraction, we hypothesize that PEGDA rich micron-sized zones coexist with zones that have a lower PEGDA concentration and may consequently be enriched in PEG. The PEGDA poor phases, which are more permeable than the PEGDA-rich zones, would then lead to an increase of the permeability of the hydrogel membranes.

Above C*, the permeability drops with the PEG concentration. We suggest that the addition of To account for the non-linear variation of the flow rate with the applied pressure, we suggest that the membrane compression under the action of a high pressure may lead to the expulsion of water and compression of the pores resulting in a decrease in the gel permeability. The solvent release from hydrogels under compression is a well-known phenomenon and has been studied in detail by Vervoort et al. 41 . They demonstrated that under uniaxial compression test, gel deformation, volume loss and solvent expulsion can be observed. This simple experiment shows that the PEGDA/PEG hydrogel structure presents some compressibility.

Assuming that the hydrogel compression is responsible for the permeability loss of the hydrogel with increasing pressure, we expect that the permeability loss should increase with the PEG concentration. The relative variation of permeability is given by (Equation 2.8):

∆𝐾 𝐾 𝑚𝑎𝑥 = (𝐾 𝑚𝑎𝑥 -𝐾) 𝐾 𝑚𝑎𝑥 (2.8)
where 𝐾max is the maximum intrinsic permeability obtained at low applied pressure (i.e. P=2000 Pa). In Figure 2.9, we plot the relative variation of permeability as a function of the pressure for several PEG concentrations. The relative variation of the permeability with pressure increases with the PEG concentration, which correlates well with the fact that the hydrogel tends to be more easily deformed when the PEG content increases in the PEGDA hydrogel. Assuming that the permeability loss is due to the hydrogel compression under the action of the applied pressure difference across the membrane during filtration, we can estimate the variation of the pore size corresponding to the permeability variation. Taking 𝐾 ~ 𝑑 𝑝 2 with 𝑑 𝑝 the pore size of the membrane, according to the Hagen-Poiseuille law, the relative compression of the pores should scale as (Equation 2.9):

∆𝑑 𝑝 𝑑 𝑝 ~1 2 ∆𝐾 𝐾 𝑚𝑎𝑥 (2.9) 
From the permeability variations reported in Figure 2.9 we can estimate the range of pore-size variation to be The pore compression can also be estimated from the effective Young's modulus 𝐸 and the pressure as given in (Equation 2.10):

∆𝑑 𝑝 𝑑 𝑝 ~(1 -2𝜈) 𝑃 𝐸 (2.10) 
with 𝜈 the effective Poisson's ratio (see details in supporting information : Model of pore compression). We take 𝜈 =0.2 according to Cappello et al. who measured the Poisson's ratio of PEGDA/ PEG-1000 g.mol -1 hydrogels 42 .

For a pressure of the order of 10 4 Pa and taking 𝐸 ~ 0.1 to 1 MPa, we find a pore variation of ∆𝑑 𝑝 𝑑 𝑝 ~ 0.02 to 0.2 which is, given the rough scaling approach used here, in reasonable agreement with the values of ∆𝑑 𝑝 𝑑 𝑝 estimated above from the permeability variations. This simple argument tells us that the non-linear variation of the permeability with the pressure seems to be mostly due to the compression of the hydrogels and the reduction of the pore size, an effect which increases with the PEG content as these hydrogels have a lower effective modulus than PEGDA hydrogels without PEG.

CONCLUSION

We synthesized a PEGDA/PEG composite hydrogel membrane by introducing free PEG-300 000 g.mol -1 chains to a PEGDA matrix. FTIR measurement showed that the PEGDA polymerization reaction still occurs even after adding free PEG-300 000 g.mol -1 chains of different concentrations. The water flux recovery rate after the cyclic filtration experiments shows that the PEG chains are not flushed out of the gel and thus do not behave as a porogen agent.

Water permeability studies confirmed the validity of Darcy's law for the conventional PEGDA membranes, whereas this law is no longer valid for the PEGDA/PEG composite hydrogels. We assumed in this case that the pressure-induced compression of the hydrogel induces the closure of some pores at high pressure during filtration experiments. Furthermore, increasing the content of PEG chains in the hydrogel system, allows tuning the water permeability over 2 orders of magnitude. The maximum of water permeability is obtained with a hydrogel composite composed of 1.6 wt% of PEG corresponding to the critical overlap concentration C* of PEG-300 000 g.mol -1 . Combining these results, as well as turbidity observations and AFM measurements, we hypothesize that the hydrogel structure is controlled by a phase separation between PEGDA rich and PEGDA poor zones, the latter being more permeable to water than the PEGDA rich areas. Below C*, we suggest that the increase of the permeability is obtained because of an increase of the fraction of connected pores in which the water can be transported.

Above C*, we suggest that the increase of the PEG concentration in the PEGDA-poor pores may delay the transport of water in the hydrogels leading to a decrease of the permeability.

Chapter 3

3 Sieving and clogging in PEG-PEGDA hydrogel membranes

ABSTRACT

Hydrogels are promising systems for separation applications due to their structural characteristics (i.e. hydrophilicity and porosity). In our study, we investigate the filtration of rigid latex particles of different sizes through free-standing hydrogel membranes prepared by photopolymerization of a mixture of poly (ethylene glycol) diacrylate (PEGDA) and large poly (ethylene glycol) (PEG) chains of 300 000 g.mol -1 in the presence of a photoinitiator. Atomic force microscopy (AFM) and cryoscanning electron microscopy (cryoSEM) were employed to characterize the structure of the hydrogel membrane. We find that the 20 nm particle permeation depends on both the PEGDA/PEG composition and the pressure applied during filtration.

However, particles of 100 nm and 1 µm do not permeate any of the PEG containing samples, despite the presence of large cavities of 1 µm evidenced by cryoSEM images. We suggest that the PEG chains induce local nanoscale defects in the cross-linking of PEGDA-rich walls separating the micron size cavities, that control the permeation of particles and water.

Moreover, we discuss the decline of the permeation flux observed in the presence of latex particles, compared to that of pure water. We suggest an irreversible clogging of the nanometric structure by the nanoparticle of 20 and 100 nm, and the formation of layer of constant thickness with the 1 µm particles.
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INTRODUCTION

Hydrogels are networks of polymer chains swollen in water in which molecular species and nanoparticles can diffuse under an imposed concentration gradient or can be transported through a hydrodynamic flux obtained by applying a pressure gradient 1 . Inversely, the molecular network structure of hydrogels provides them with promising filtration properties 2 .

The diffusive transport of species in hydrogels has been the object of numerous experimental and theoretical studies in the past, often motivated by drug release applications 3 . Several theories have been developed such as the obstruction, hydrodynamic or free volume theories with various assumptions. While the obstruction theory based on the Ogston model assumes that the hydrogel is a rigid network with a fixed mesh size 4 , other theories take into account hydrodynamic interactions between the network and the solvent or the thermal fluctuations of the network 5,6 .Several experimental studies provided measurements of diffusion coefficients of molecules in hydrogels and compared them with the available theories 7 . Overall, the size of the solute, its charge and its interactions with the components of the gel, control its transport through a hydrogel membrane 2,[8][9][10] . While various studies exist on the particle transport through porous filtration membrane systems under the effect of applied pressure gradients [11][12][13][14] , the transport of particles through hydrogel membranes is relatively poorly studied 15 .

The use of hydrogels as coating layers on classical hydrophobic filtration membranes has attracted attention for wastewater treatment [16][17][18] . They have proven their effectiveness as ideal materials for modifying filtration membranes, to achieve robust anti-fouling and long stability [18][19][20] . However, coating or grafting hydrogels on membranes still presents some issues, mainly by the partial adsorption of the pollutants that pass through the hydrogel layer on the hydrophobic substrate during filtration 21,22 . A great interest has been paid in recent years to self-supporting hydrogel films with a thickness of several hundreds of microns, in order to avoid surface-coated membrane problems 23,24 . Free-standing hydrogels have been used for water permeability studies and the rejection of dyes, proteins and salts 25,26 . Since common hydrogels have poor mechanical properties 27 , it is important to develop new hydrogel systems that could be used as free-standing membranes without support.

Poly (ethylene glycol) diacrylate (PEGDA)-based hydrogels are resistant hydrogels which have been widely used as scaffolds for tissue engineering applications 28,29 , drug delivery 30 and microfluidic devices 31,32 . In the context of filtration, PEGDA hydrogels have proven their effectiveness as protein-fouling resistant films 30,33 . In addition, they have shown a wellcontrolled water permeability through the porous PEGDA films complemented with porogens (e.g. poly (ethylene glycol) PEG chains with low molar mass) 34,35 . PEG-based hydrogel membranes are known for their size-dependent particle permeabilities, and used as simple models for mucus 1,36,37 . Recently, we have developed new PEGDA/PEG composite hydrogel membranes by introducing large free PEG-300 000 g.mol -1 chains to a PEGDA matrix 38 . We have shown that these large PEG chains remain trapped in the hydrogel matrix during multiple filtration cycles. Using a frontal filtration cell we were able to control the water permeability over two orders of magnitude depending on PEG concentration (1x10 -18 to 5.5x10 -16 m 2 ).

In the present study, we investigate the filtration of rigid latex particles with different sizes (20 nm, 100 nm and 1µm) through these PEGDA/PEG hydrogel membranes. We focus on how to control the cut-off size rejection of particles depending on the applied pressure and the composition of the hydrogel system. In addition, we study the structural properties of the composite PEGDA/PEG hydrogel membranes by AFM and cryoSEM measurements in order to obtain more insight into the hydrogel structure. We show that despite the presence of similar large micron sized cavities for all PEG containing samples, large particles of 100 nm and 1 µm do not permeate through the membranes. We suggest therefore that these micron size cavities do not form a percolating network and that the permeation of water and nanoparticles is rather controlled by the nanostructure present in the PEGDA rich walls between these micron size cavities.

Furthermore, we study the reasons of the decrease of the permeation fluxes in the presence of nano and microparticles through the PEGDA/PEG hydrogel membranes.

EXPERIMENTAL SECTION

Materials

We use poly (ethylene glycol) diacrylate PEGDA (𝑀𝑤 ̅̅̅̅̅ =700 g.mol -1 ) with 13 ethylene oxide units and 4-(2-hydroxyethoxy) phenyl 2-hydroxy-2-propyl ketone (Irgacure 2959) which are purchased from Sigma-Aldrich. Linear poly (ethylene glycol) (PEG) (𝑀𝑤 ̅̅̅̅̅ =300 000 g.mol -1 , Đ=2.1) is purchased from Serva. FluoSpheres™ carboxylate-modified polystyrene particles ((20 nm, 100 nm and 1 µm of diameter), red fluorescent (580/605), 2% solids) are purchased from thermoFisher scientific. Water is purified with a Milli-Q reagent system (Millipore).

PEGDA hydrogels preparation

The PEGDA and PEG/PEGDA membranes are synthesized via UV-initiated free-radical photopolymerization, using Irgacure 2959 as the photoinitiator. The prepolymerization solution is prepared by adding 0.1 wt% photoinitiator into pure PEGDA solution. After stirring, the solution is mixed with water to obtain 16 wt% PEGDA and 84 wt% water. The prepolymerization solution is then sandwiched between two glass plates (120 mm x 80 mm) which are separated by 1 mm thick spacers to obtain a membrane thickness of 1 mm. Then the solution is polymerized under irradiation of UV light (intensity =1800 µw/cm 2 ) with a wavelength of 365 nm for 10 min. After polymerization, the obtained hydrogels are placed in a petri dish with pure water for at least 24 hours prior filtration to eliminate any unreacted PEGDA monomers or small free PEG chains.

To obtain the PEG/PEGDA hydrogels, PEG-300 000 g.mol -1 is dissolved in the prepolymerization solution. We use PEGDA/PEG hydrogel membranes prepared with 0.4; 1.6 and 4 wt% of PEG-300 000 g.mol -1 chains for the filtration of modified polystyrene particles with different sizes. For the filtration measurements, the membranes are then cut to obtain 1 mm thick disks of 45 mm diameter.

Particles characterization

Zeta potential and particles size measurements of carboxylate-modified polystyrene particles (Fluospheres) were recorded by Zetasizer Nano-ZS90 from Malvern. The samples used for these measurements were 100-fold diluted in Milli-Q water to reach a particle concentration of 2x10 -4 g.mL -1 and to avoid multiple scattering of light. The results are presented in Table S3.1 and Figure S3.1. The optical absorbance measurements of the modified polystyrene particles were carried out with a UV-vis Hewlett-Packard 8453 spectrophotometer using a 1 cm path length quartz cell, in a wavelength range from 190 to 1100 nm.

AFM characterization

AFM images were obtained with a Bruker Icon microscope driven by a Nanoscope V controller.

The surface of the hydrogel membrane immersed in water before filtration was observed in Peak Force mode. The height images were acquired with a cantilever of spring constant 0.7 N.m -1 specially designed for this application. In this mode, similar to a rapid approach-retract experiment, the cantilever oscillates at a frequency of 1 kHz. The scanning frequency was 0.7

Hz and the maximum force was set to 500 pN.

CryoSEM characterization

PEGDA and PEGDA/PEG hydrogel membranes with a thickness of 1 mm were placed on a home-made cryo-holder to be quickly plunged into an ethane slush. As the sample is freestanding over the holder, the sample is rapidly frozen during the plunging by direct contact with the liquid ethane, in order to form amorphous glace. Subsequently, the sample is transferred into the Quorum PT 3010 chamber attached to the microscope. There, the frozen sample is fractured with a razor blade. A slight etching at -90°C may be performed to render the sample more visible. The sample is eventually transferred in the FEG-cryoSEM (Hitachi SU8010) and observed at 1 kV at -150°C. No further metallization step is required before transferring the sample to the SEM chamber. Several sublimation cycles were performed on each sample to ensure the removal of the glace from the hydrogel. In this section we study the filtration of latex particles of sizes 20 nm, 100 nm and 1µm through PEG/PEGDA hydrogel membranes prepared with varying PEG concentrations. We also present structural measurements obtained by AFM and cryoSEM which enables us to obtain a better insight into the structure of the hydrogels.

Filtration experiments

We start by measuring the permeation of 20 nm particles through PEG/PEGDA hydrogels of varying PEG contents by measuring the particle concentrations in the permeate as a function of the volume filtered, for different applied pressures. The choice of the hydrogels samples studied is based on our previous work 38 , in which we had found that the permeability of PEGDA/PEG hydrogels presents an optimum at a weight fraction of PEG of 𝐶 * = 1.6 wt% corresponding to the overlap concentration of the PEG chains. We therefore choose PEGDA/PEG compositions that range below and above this maximum permeability (i.e. 𝐾= 5.5x10 -16 m 2 ). We compare the case of pure PEGDA hydrogels and PEGDA/PEG hydrogels containing 0. For the most permeable PEGDA hydrogel containing 1.6 wt% of PEG, we notice that the concentration of NP in the permeate is negligible for 𝑃 < 50 mBar and becomes non zero above 50 mBar (Figure 3.2 c). It therefore seems that there is a critical pressure above which the nanoparticles permeate. In the case of 4 wt% of PEG content in the hydrogel (Figure 3.2 d),

we find that the NP-20 nm do not permeate through the hydrogel membrane even for the largest applied pressure (800 mBar).

For the 1.6 wt% PEG hydrogel we also filtrate larger particles, of diameter 100 nm and 1 µm.

As can be seen in Figure 3.3, neither the 100 nm nor the 1 µm particles permeate through the hydrogel with 1.6 wt% of PEG, suggesting that the water and nanoparticle permeation operates through a nanometric structure with typical size ranging between 20 nm and 100 nm. 

Link between particles filtration and the structure of PEG/PEGDA hydrogels

In this section, we discuss the filtration results presented in relation with AFM and cryoSEM measurements presented in Figure 3.4, to obtain more insight into the structure of the hydrogels.

As can be seen in Figure 3.4, the PEGDA hydrogels, with no added PEG, present cavities of diameter 𝑑 𝑐𝑎𝑣𝑖𝑡𝑦  200 nm, which according to the SANS study of Molina et al. 39 , are filled with water due to a phase separation between PEGDA (𝑀𝑤 ̅̅̅̅̅ =700 g.mol -1 ) and water. This phase separation occurs when the water content in the prepolymerization solution is above 50 wt%, which is the equilibrium water content of the PEGDA matrix of molar mass of 700 g.mol -1 . In our case, the total amount of water in the prepolymerization solution is 84 wt%, hence during polymerization, the water in excess, with respect to the equilibrium content of 50 %, is expulsed irreversibly trapped in the hydrogels and are not washed out during filtration cycles at the highest pressures. Hence we suggest that the PEG chains get trapped inside the PEGDA rich walls separating the micron size cavities during the polymerization process. The PEG chains would then induce local defects in the cross-linking density allowing the permeation of the 20 nm nanoparticles but not the 100 nm ones. In such scenario, the PEG-containing walls would therefore provide some level of connectivity between the large micron cavities and control the permeation of both the particles and water. The PEG chains may also be partially trapped in the PEGDA walls and decorate the inner surface of the micron size cavities. For PEG concentrations close to or above the overlap concentration of 1.6 wt%, these chains would then form a dense brush of elongated chains which traps the particles and reduces the permeability.

The end-to-end distance of an elongated PEG chain of molar mass 300 000 g.mol -1 can indeed reach a length of the order of one micron which would be sufficient to slow down or even prevent the permeation of the particles. Such a trapping of the PEG chains in the cavities walls can therefore account for the observed maximum of intrinsic permeability with the PEG concentration. The value of the critical pressure needed to allow the permeation of the 20 nm particles for the 1.6 wt% PEG hydrogel enables to give information about the hydrogel structure. Indeed the pressure (𝑃) needed to force a particle of radius 𝑅 𝑝𝑎𝑟𝑡𝑖𝑐 to go through a cavity of radius  in a material of elastic modulus (𝐸) scales as (Equation 3.1):

𝑃 𝐸 ≈ 𝑅 𝑝𝑎𝑟𝑡𝑖𝑐  -1 (3.1)
This equation can be rewritten as:

𝑅 𝑝𝑎𝑟𝑡𝑖𝑐  ≈ 𝑃 𝐸 + 1 (3.2)
In the case of the 1.6 wt% PEG sample, a low pressure of 50 mBar is required to force the particles to permeate through the hydrogel. Interestingly this low pressure is much lower than the elastic modulus of the PEGDA/PEG hydrogels, of the order of 0.2 MPa 38 . Consequently, one has 𝑃 𝐸 <<1 meaning that  ≈ 𝑅 𝑝𝑎𝑟𝑡𝑖𝑐 ≈ 20 nm. This estimated value of  is orders of magnitude lower than 𝑑 𝑐𝑎𝑣𝑖𝑡𝑦  µm observed in the cryoSEM images, and also much lower than 𝑑 𝑐𝑎𝑣𝑖𝑡𝑦 200 nm, the size of the water cavities observed in the pure PEGDA sample. It is, however, the same order of magnitude as the heterogeneities observed by AFM in the walls of the micrometric cavities for the 1.6 wt% PEG samples. Therefore, this result suggests that the permeation of the 20 nm nanoparticles through the hydrogel membranes is probably controlled by heterogeneities of the order of 20 nm in the PEGDA-rich walls connecting the micron sized cavities. The existence of a non-zero critical pressure needed to allow the permeation of the 20 nm particles is possibly due to an energy barrier required to deform the PEG chains.

Finally, considering the value of the permeability 𝐾, for the 1.6 wt% PEG/PEGDA sample and knowing the pore sizes from AFM experiments, one can deduce the fraction ε of open cavities, using the Carman-Kozeny equation 40,41 , which describes the permeation of water through a bed of beads of diameter 𝑑, given in (Equation 3.3): We measure the variation of the permeate volume as a function of time under different applied pressures (Figure 3.7) and find that the permeate volume varies linearly with the time, regardless of the applied pressure. This observation suggests that the saturation of the cavities by the 20 nm nanoparticles permeating through the 0.4 and 1.6 wt% hydrogels is a fast process occurring early during the filtration process. In Figure 3.8, we compare the permeation fluxes of the suspensions containing the 20, 100 nm and 1 µm particles with the case of pure water for the 1.6 wt% PEG/PEGDA hydrogels. The presence of latex particles decreases the permeate flux for the three types of particles investigated, the largest effect being the one measured for the large particles of 100 nm and 1 µm. Unlike in the case of the 20 nm particles, the 100 nm and 1µm do not permeate through the 1.6 wt% hydrogels. Hence, the flux reduction can either be due to the gradual building of a "cake" of particles above the hydrogel membranes or to a clogging of the particles inside the cavities of the membrane. In the case of the formation of such a cake, one expects that the permeability of the cake will decrease over time as the cake thickness will increase, and hence we should observe a temporal decay of the permeation flux. However, as shown in Figure 3.9, the permeation volume increases linearly with time, meaning that the permeation flux is constant with time, excluding the possibility of a gradual building of a cake of rejected particles above the membrane. To determine whether the 100 nm particles enter into the cavities and clog them, we perform cryoSEM experiments of the 1.6 wt% PEG hydrogels after the filtration of the 100 nm particles to observe the location of the particles in the cavities. Figure 3.10 a and b show that some of the 100 nm are trapped inside the hydrogels at the walls of the micron sized cavities. The 100 nm particles probably clog the nanometric structure of the walls connecting the micron sized cavities, which reduces the permeability of the hydrogels.

In the case of the 1 µm particles, the cryoSEM images obtained after the MP-1µm filtration do not show the presence of microparticles in the hydrogel network (see Figure S3.2). We therefore suggest that the permeability reduction in the case of the 1 µm particles is due to a deposition of a cake of particles on the hydrogel membrane surface. The magnetic stirrer rotating above the hydrogels during the filtration experiments may prevent the growth of this deposited layer over time, hence leading to a constant water flux over time.

To confirm these hypotheses, we can estimate the reversibility of the clogging process of the hydrogels by the particles by performing filtration cycles, increasing and then reducing the 

CONCLUSION

We address the filtration of latex particles with different sizes through a novel composite hydrogel system prepared by photopolymerization of a mixture of PEGDA and large PEG chains of 300 000 g.mol -1 . By investigating the filtration of nano and microparticles and combining these results with AFM and cryoSEM images we are able to obtain insight into the structure of the PEG/PEGDA hydrogels. We show that particles of 20 nm can pass through the PEGDA/PEG hydrogels membranes depending on the PEG content and the applied pressure during filtration. However, despite the presence of micron size cavities for the PEG containing samples, particles of 100 nm and 1 µm do not pass through the PEGDA/PEG hydrogel membranes. Consequently, we suggest that the presence of PEG chains induces local nanoscale defects in the cross-linking of PEGDA-rich walls separating the micron size cavities, that control the permeation of particles and water.

We also investigated the decrease of the water flux in the presence of the latex particles of different sizes. The reducing of the permeation flux in the case of nanoparticles of 20 nm and 100 nm is due to the clogging of the nanometric structure of the hydrogels. In contrast, the permeability reduction in the case of the microparticles of 1 µm is due to the deposition of a layer of particles of constant thickness on the hydrogel membrane.

permeability at 𝐶 * with the molar mass. These results show the possibility to tune the hydrogel membrane properties to provide new perspectives in separation application.
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INTRODUTION

Macroporous polymer hydrogels have been the subject of research applied to a wide range of areas 1 such as drug delivery 2,3 , scaffold for tissue engineering 4 as well as membrane for filtration process and environmental application 5,6 . The porosity of the polymeric network can be obtained by various methods, such as foaming 7 , emulsion templating 8 , sacrificial templates such as salt crystals [9][10][11] or sacrificial particles (such as calcium carbonate particles 12 , gelatin microparticles [13][14][15][16] ,…) and cryogelation 17 . While these methods involve several steps, phase separation is another simple approach to produce porous materials [18][19][20] . Polymerization induced phase separation (PIPS) is a simpler method where phase separation occurs during the polymerization of an initially homogeneous solution of monomer and solvent [21][22][23][24][25][26][27][28][29][30] and is subsequently kinetically frozen. This method allows production of hydrogels network of varying morphology, mechanical properties and permeability 31 .

PEGDA based hydrogels have been shown to undergo PIPS which generates water cavities in the PEGDA network. Alternatively, adding incompatible polymers in the PEGDA solution such as polyurethane (PU), polyetherimide (PEI) or hyaluronic acid (HA) [32][33][34] also enables to induce a porous structure. PEGDA based membranes are promising for filtration, gas separation, tissue engineering or drug delivery applications because they are hydrophilic, resistant and their macroporous structure enables a good control of their transport properties with respect to water, gases or nutrients 35,36 .

We have shown in Chapters 2 and 3 that adding long PEG chains in the PEGDA prepolymerization solution also enables to obtain macroporous hydrogels with controlled permeability. We found that the resulting hydrogels present micron size cavities separated by PEGDA rich walls. Unlike previous studies which incorporate PEG chains as porogens, we showed that these long PEG chains remain irreversible trapped in the hydrogels and are not rinsed out even after several filtration cycles up to 1 bar. The intrinsic permeability of these composite PEG/PEGDA hydrogels can be varied by orders of magnitude by varying the PEG content and presents a maximum with the PEG concentration, obtained at the critical overlap concentration C* of the PEG chains. In Chapter 3, we further showed that 20 nm nanoparticles permeate through the most permeable PEG/PEGDA hydrogel while the 100 nm and 1 µm particles do not, suggesting that the PEG chains trapped in the PEGDA matrix induce local nanometric defects in the cross-linking density leading to the increased permeability below C*.

Above C*, we suggested that some PEG chains which are only partially anchored in the PEGDA matrix form a dense brush at the surface of the micron size cavities that disturbs the permeation of the largest particles. We expect that these two scenario will be influenced by the molar mass in different manners. Hence in this Chapter our goal is to determine how the molar mass of the PEG chains influences the intrinsic permeability and structure of the PEG/PEGDA hydrogels. We show that the permeability maximum obtained at 𝐶 = 𝐶 * is a general phenomenon and that the molar mass has only a weak influence on the fraction of PEG chains irreversible trapped in the PEGDA matrix.

EXPERIMENTAL

Materials

We use poly (ethylene glycol) diacrylate PEGDA (𝑀𝑤 ̅̅̅̅̅ =700 g.mol (𝑀𝑤 ̅̅̅̅̅ =600 000 g.mol -1 ) are purchased from Serva and Acros Organics, respectively. Poly (ethylene glycol) monomethacrylate PEGMA (𝑀𝑤 ̅̅̅̅̅ =2000 g.mol -1 ) is purchased from Polysciences. Water is purified with a Milli-Q reagent system (Millipore).

PEGDA hydrogels preparation

The PEGDA and PEGDA/PEG membranes are synthesized via UV-initiated free-radical photopolymerization, using Irgacure 2959 as the photoinitiator, as described in our previous study 37 . Briefly, the prepolymerization solution is prepared by adding 0.1 wt% photoinitiator (Irgacure 2959) into pure PEGDA-oligomer. After stirring, PEG is dissolved in the prepolymerization solution, and the solution is mixed with water to obtain a prepolymerization solution composed of 16 wt% PEGDA and 84 wt% water with varying quantities of PEG chains. The prepolymerization solution is then sandwiched between two glass plates (120x80 mm 2 ) which are separated by 1 mm thick spacers to obtain a membrane thickness of 1 mm.

Then the solution is polymerized under irradiation with the UV-light (Intensity =1800 µW/cm 2 ) with a wavelength of 365 nm for 10 min. After polymerization, the obtained hydrogels are placed in a Petri dish with pure water for at least 24 hours prior to filtration experiments to remove any unreacted PEGDA oligomers or unentrapped PEG chains.

In order to confirm that the addition of PEG with different molar mass does not affect the polymerization reaction of PEGDA, as in Chapter 2, we follow the polymerization reaction of PEGDA hydrogels prepared with different concentrations of PEG-3000 g.mol -1 . We obtain that the PEGDA polymerization was complete even after the addition of PEG chains with a concentration ranged between 0 and 20 wt%. The results are presented in Figure S4.1.

Morphological characterization of hydrogel membranes

CryoScanning Electron Microscopy (CryoSEM)

The PEGDA/PEG hydrogel membranes with a thickness of 1 mm were placed on a home-made cryo-holder to be quickly plunged into an ethane slush. As the sample is frestanding over the holder, the sample is rapidly frozen during the plunging by direct contact with the liquid ethane, in order to form amorphous glace. Subsequently, the sample is transferred into the Quorum PT 3010 chamber attached to the microscope. There, the frozen sample is fractured with a razor blade. A slight etching at -90°C may be performed. The sample is eventually transferred in the FE-cryo SEM (Hitachi SU8010) and observed at 1 kV at -150°C. No further metallization step is required before transferring the sample to the SEM chamber. Several sublimation cycles were performed on each sample to ensure the removal of the glace from the hydrogel.

Atomic Force Microscopy (AFM)

AFM images are obtained with a Bruker Icon microscope driven by a Nanoscope V controller.

The surface of PEGDA/PEG hydrogel membranes is probed in water at room temperature in Peak Force mode. The cantilever and the sample were immersed in deionized water. We used a scan assist Bruker probe with a spring constant of 0.7 N/m. The peak force frequency was of 1 kHz.

Permeability experiments

Water permeability through conventional and PEG-modified PEGDA hydrogels was measured using a dead-end ultrafiltration UF cell obtained from Fisher Scientific S.A.S. (Amicon Model 8050, 50 mL for 45 mm Filters) as described in our previous study 37 . The filtrations were performed at ambient temperature, with Milli-Q water as the feed solution. The membrane with the area 15.90 cm 2 was fixed in the membrane holder of the cell. The standard filtration experiments were performed at 100 mBar and the liquid permeate is weighted as a function of time with a balance to obtain a precise measurement of the flow rate 𝑄.

Permeate flow rate 𝑄 was recorded, and the water intrinsic permeability 𝐾 was calculated by the following (Equation 4.1):

𝐾 = 𝑄𝜇ℎ ∆𝑃𝑆 (4. 1)
where 𝑄 is the water flow rate (m 3 .s -1 ) calculated from the slope of the variation of the accumulated permeate volume (m 3 ) as a function of time (s), 𝜇 is the water viscosity (Pa.s), h

is the hydrogel thickness (m), S is the surface area of the hydrogel membrane (m 2 ) and ∆𝑃 is the pressure difference across the membrane (Pa).

In this study, the values of permeability 𝐾 that are presented are obtained from the slope of the 𝑄 = 𝑓 (∆𝑃) curves for pressures ranging from 0 to 100 mBar where the flux varies linearly with the applied pressure.

RESULTS

Permeability variations around 𝐶 * for varying PEG molar masses

In this section, our goal is to determine whether this permeability maximum at 𝐶 * described before is a robust phenomenon and whether it applies to PEG chains of varying molar masses.

To obtain the water intrinsic permeability 𝐾 of the PEG/PEGDA hydrogels, we measure the water flux, 𝑄, as a function of the applied pressure, for 𝑃 < 100 mBar in the linear regime for which 𝑄 varies linearly with ∆𝑃. In Figure 4.1, we report the intrinsic permeability measurements for a series of PEGDA/PEG hydrogel systems with molar mass of PEGs ranging from 600 to 600 000 g.mol -1 . For molar masses between 600 and 3000 g.mol -1 , the water permeability increases continuously with the PEG content in the hydrogel system. As an example for PEGDA prepared with PEG-600 g.mol -1 (Figure 4.1 a), the water permeability varies about two orders of magnitude from about 3.6 ± 0.0015 x10 -18 m 2 to ~ 0.8 ± 0.05 x10 -16 m 2 when the PEG content increases from 7.7 to 29.5 wt%. In comparison, the water permeability for PEGDA/PEG-3000 g.mol -1 hydrogels varies by about three orders of magnitude with the PEG content, from 4.6 ± 0.0025 x10 -18 m 2 to ~ 8.5 ± 1.6 x10 -16 m 2 when the PEG content increases from 1.6 to 20 wt% (Figure 4.1 b). For the highest PEGs molar mass (10 000; 35 000; 300 000 and 600 000 g.mol -1 ), the water permeability presents a maximum with the PEG concentration. For PEG-300 000 g.mol -1 , we have already shown in Chapter 2 that this maximum is obtained for 𝐶 = 𝐶 * = 1.6 𝑤𝑡%, the overlap concentration of PEG chains which mark the transition between the semi-diluted and concentrated regime . For the other molar masses 𝑀 𝑊 ̅̅̅̅̅ =10 000 g.mol -1 ; 35 000 g.mol -1 and 600 000 g.mol - where 𝑀𝑤 ̅̅̅̅̅ is the average molar mass of the polymer, rg is the gyration radius of polymer coils and NA is Avogadro number: NA = 6.023x10 23 mol -1 . The gyration radius rg is calculated from the chain end-to-end distance 𝑅, in diluted conditions, by (Equation 4.3):

𝑟 𝑔 = 𝑅 1/2 √6 = (𝐶 ∞ 𝑛𝑙 2 ) 1 2 √6 (4. 3)
where 𝑙 is the length of the C-C bond ( ~1.54 Å), 𝑛 is the number of ethylene glycol monomers (with 𝑀 𝑤 =44 g.mol -1 ) in a polymer, and 𝐶 ∞ is the Flory's characteristic ratio for PEG in water which increases with the chain length 38 . For the highest molar masses, we take 𝐶 ∞ ~5 consistently with Reference 39 . For the lowest PEG molar masses, we take 𝐶 ∞ ~2.7. We analyze the content of PEG released from the hydrogel in the water supernatant, where it is kept overnight, as well as in the permeate after a cyclic filtration, by total organic carbon (TOC)

analysis. The fraction of PEG that we calculate is the ratio of PEG molecules found in the permeate divided by the total amount of PEG initially present in the hydrogels and is therefore calculated using (Equation 4. To account for the irreversible incorporation of most PEG chains in the PEGDA matrix, we suggest that the PEG chains are chemically grafted to the PEGDA matrix and that this occurs through a chain transfer mechanism where the radicals transfer to the PEG chains. Such a chain transfer mechanism has been observed by Nandi et al. 40 during the radical polymerization of methyl methacrylate, MMA, in the presence of various glycols through the rupture of the C-H bonds of the glycol next to the OH group. As a result, the glycols get covalently grafted to the PMMA chains. We suggest that such a transfer reaction occurs between the PEG chains and the active PEGDA chains. To confirm this hypothesis, we propose a simple experiment. We prepare a solution containing poly (ethylene glycol) monomethacrylate, PEGMA, and PEG chains, in the presence of a photoinitiator, and illuminate with UV light. As PEGMA is monofunctional with only one acrylate function instead of two for the PEGDA oligomer (see Figure 4.4), we do not expect a hydrogel formation if the PEG chains remain free; we only expect the polymerization of PEGMA into PEGMA polymer chains hence a moderate increase of the viscosity. However, we obtain a hydrogel after about 10 min of UV irradiation, in the presence of PEG chains, while the pure PEGMA sample does not produce a hydrogel. This

For reasons of image clarity, the Z-scales are not identical for all images. The average Z-scale is ± 50 nm.

The AFM images obtained for PEGDA/PEG hydrogels prepared with various content of PEG-3000 g.mol -1 are represented in The average Z-scale is ± 50 nm.

For hydrogel prepared with PEG-35 000 g.mol -1 , a low content of PEG (i.e. 0.4 wt%) does not significantly modify the structure (Figure 4.7 a). When the PEG content increases to 0.8 wt%, some large cavities of size ~500 nm to 1 µm can be seen as well as small cavities of the order of tens of nanometers. When the PEG content increases to 2.4 wt% and then 4 wt% (𝐶 * ), a micron size valleys and hills can be observed, which presumably correspond to the micron size cavities observed with cryoSEM. This micron size structure presents a very low rugosity at the nanometric scale, similarly to the results obtained with PEG-300 000 g.mol -1 and presented in Chapters 2 and 3. The average Z-scale is ± 50 nm.

DISCUSSION

In Chapter 3 we have proposed an evolution of the structure with the PEG concentration which is presented again in Nevertheless, we now would like to discuss the following questions:

1) What sets the size of the cavities and the wall structure? Why do micron size cavities are observed for PEG/PEGDA hydrogels while the PEGDA hydrogels present smaller cavities of the order of 200 nm? Why do the walls of these micron cavities become more homogeneous at the nanometric scale as the PEG concentration increases up to 𝐶 * and why does this correlate with an increase of the permeability ?

2) Why do we observe a maximum water permeability with the PEG molar mass obtained for PEG-35 000 g.mol -1 ?

To answer these questions, we have to consider the study of Molina et al. 41 4.9). We suggested earlier in this thesis that these water cavities are closed and that they are trapped in the PEGDA matrix during the polymerization process. In other words, their coalescence or coarsening is probably "frozen" by the fast polymerization of the PEGDA matrix which is rigid and weakly permeable.

Let us now discuss the evolution of the water cavities and their walls when PEG is added in the system. We know from our TOC measurements that PEG chains are trapped irreversibly in the hydrogels and that they are probably covalently attached to the PEGDA polymerizing network. This phenomenon can have two main consequences on the polymerization process and final structure of the hydrogel: a) As the PEG chains are incorporated in the PEGDA polymerizing matrix, the PEG/PEGDA matrix becomes softer and more permeable, which would increase the probability for the water in excess expulsed from the polymerizing matrix to coalesce or coarsen to form larger cavities. This phenomenon would explain why the 200 nm cavities are not observed in the walls between the micron cavities. Indeed, the water in excess gathers in micron large cavities.

b) The incorporation of PEG chains induces local defects in the PEGDA cross-linking density which would enable the PEGDA/PEG matrix to incorporate a fraction of water  matrix water > 50 wt%. Indeed, in principle the water fraction results from a balance between entropic elasticity of the short PEGDA chains and enthalpic gain due to affinity between the PEGDA and water. Adding long PEG chains may reduce the entropic cost associated with water incorporation. Increasing the equilibrium water fraction  matrix water of the PEGDA rich matrix above 50 wt% would then induce a lower amount of water in excess (we have 80 wt% of water in the solution) and a lower volume of water to be expelled to form the cavities explaining why the size of the cavities in the PEGDA rich walls decreases with the PEG content. Can we now explain why 𝐾 presents a maximum with the PEG molar mass of 35 000 g.mol -1 ?

Considering that PEG chains induce cross-linking defects in the PEGDA matrix we expect that the permeability will increase with the number of defects hence with the PEG content, C, and with 𝑟 𝑔 , the size of the polymer coils. This hypothesis would enable us to account for the fact that the slope of the 𝐾 (𝐶) curves increases with the molar mass as shown in Figure 4.2 b. However, this hypothesis does not enable us to account easily for the non-monotonic evolution of 𝐾 * with the molar mass. However, if we now consider that close to 𝐶 * , the PEG chains form a dense brush at the surface of the micron size cavities we expect that the length of the brush will increase with the PEG molar mass, leading to a decrease of the permeability with the molar mass. These two effects depending on the molar mass in the opposite trend and being probably present at 𝐶 * may account for the non-monotonic variation of 𝐾 * with the PEG molar mass.

CONCLUSION

We developed a series of composite hydrogel membranes obtained by a simple photopolymerization of PEGDA under UV light in the presence of PEG chains with a wide range of molar mass (between 600 and 600 000 g.mol -1 ). Compared to the literature studies, we have shown that regardless the molar mass, most PEG chains remain irreversibly trapped in the hydrogel matrix during filtration experiments. Increasing the content of PEG chains in the hydrogel system allowed tuning the PEGDA/PEG water permeability over several orders of magnitude. In addition, we showed that the existence of a maximum of the permeability obtained for the critical overlap concentration of PEG chains is a robust phenomenon observed for different PEG molar masses. We show that the maximum permeability at 𝐶 * follows a nonmonotonic trend with the molar mass and is maximum for PEG-35 000 g.mol -1 . We suggest that the permeability increase below 𝐶 * is due to the PEG chains trapped in the PEGDA matrix that induce defect in the cross-linking density of the PEGDA walls between micron size cavities observed with cryoSEM. Above 𝐶 * the permeability decrease is probably due to the fact that the PEG chains partially trapped in the PEGDA matrix may form a brush decorating the interior of the cavities and slows down the permeation of water.

the PEGDA matrix as a function of their concentration. Our first preliminary test was performed with composite hydrogel membrane prepared with PEGDA and Rhodamine-labeled PEG-300 000 g.mol -1 chains. The results showed a homogeneous distribution of the fluorescence signal of Rhodamine-labeled PEG in the hydrogel membrane. In order to successfully study the PEGDA/PEG hydrogel structure, we could consider labeling the PEGDA chains with another fluorescent dye to differentiate between PEGDA and PEG rich-zones.

For filtration studies, it would be interesting to compare the filtration of rigid polystyrene particles to soft ones (such as capsules) through these deformable hydrogel membranes. Capsules can be formed by the layer-by-layer method which consists of the adsorption of oppositely charged polyelectrolytes on colloidal particles surfaces with subsequent removal of the templates core. We could expect that large capsules (with a diameter above 20 nm) can be deformed under the effect of applied pressure to pass through the nanometric cavities of the hydrogel membrane. Furthermore, we can investigate the additional dependence of the capsule composition, shape or shell thickness on their passage through the PEGDA/PEG hydrogel membranes.

In the future, the development of this composite PEGDA/PEG hydrogel membrane with tunable properties could provide numerous new perspectives. For example, it would be interesting to investigate their permeability properties at the microfluidic scale. In particular, the integration of PEGDA/PEG hydrogel membrane within microfluidic channels will be a promising material for various applications, including drug delivery. By performing a tangential filtration through the microfluidic device, we may be able to track the passage of capsules or particles through the hydrogel network. Consequently, we will be able to control and program the release of the drug that can be initiated under different stimuli, such as temperature, pH or pressure.

The good filtration and structural properties, simple synthetic process, and biocompatibility of the PEGDA/PEG hydrogel membrane provide it promising application prospects in the fields of dye separation, biomolecule filtration as well as drug delivery systems.

The increasing addition of PEG-300 000 g.mol -1 content in prepolymerization mixture does not affect the water content and the swelling behavior of the prepared membrane.

As shown in Figure S2.1 a, the value of 82 wt% of water content is recovered in the different hydrogels membrane prepared with 0 wt%; 0.4 wt%; 1.6 wt% and 4 wt% of PEG-300 000 g.mol -1 , after 1 hour of drying at 80°C. This content remains constant even after days of drying.

The swelling behavior of the prepared membrane is represented in Figure S2.1 b. The results

show that conventional and PEG-modified PEGDA membranes hydrogel systems have a swelling ratio close to 1. This means that gels prepared by 16 wt% of PEGDA with or without the addition of PEG-300 000 g.mol -1 are in their equilibrium state.

In summary, water content and swelling ratio values of cross-linked membranes are never dependent on the content of free PEG chains in the prepolymerization solution.

Compression experiments

The high strain imposed on the hydrogel membrane (e.g ~ 30 %), may lead to the expulsion of water from the hydrogel membrane containing a large content of PEG-300 000 g.mol -1 chains.

For example, the video S2.2 a) shows that as soon as the stress is increased (loading phase), the PEGDA/PEG-1.6 wt% gel diameter starts to increase and water is expelled. During the unloading phase, we observe that the hydrogel recovers its initial shape and reabsorbs again the water that was expelled. Whereas, for PEGDA/PEG-0 wt% hydrogel, the second video S2.2 b)

shows an increasing of the gel diameter but without the expulsion of water during the compression test. This behavior can be explained by the formation of large pores in the PEGDA/PEG hydrogel membrane.

Videos are available: https://pubs.acs.org/doi/abs/10.1021/acs.macromol.2c01462

Rheological experiments

Rheological experiments are done using an ARG-2 rheometer TA, in order to obtain the critical overlap concentration C* of PEG 𝑀𝑤 ̅̅̅̅̅ =300 000 g.mol -1 chains.

As shown in Figure S2.2, as expected the viscosity increases when the PEG concentration increases. At some point, there is a transition between the diluted and the semi-diluted regime, represented by the variation of the slope of the line from 0.96 to 3.2, respectively. At this stage, there is a contact between the PEG coils due to the decrease of the distance between them. The associated concentration is called critical overlap concentration C* being determined at 1.6 wt% of PEG.

CryoSEM image

We perform cryoSEM experiments of the 1.6 wt% PEG hydrogels after the filtration of the 1µm particles to observe the location of the particles in the cavities. As represented Figure S3.2, there is no microparticles present in the cross-section of the hydrogel membrane. The average Z-scale is ± 50 nm.

Influence of PEGs concentration and molar mass on water intrinsic permeability at high applied pressure

In order to study the effect of high applied pressure on the water permeability of PEGDA/PEG To further characterize the deformation of PEGDA/PEG membranes samples, we performed the compression experiments for PEGDA/PEG hydrogel membranes prepared with various PEG contents and molar masses, using Instron 5565 machine.

Figure S4.7 presents the variation of the stress as a function of the strain in the linear regime (0-4%) at a deformation rate of 0.01 mm.s -1 , for deformations between 0 and 4% and stresses below 0.05 MPa, which are relevant to the filtration experiments where pressures below 1 Bar
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 01 Figure 0.1. Schéma représentatif des expériences de la filtration frontale en utilisant les matrices d'hydrogels développées.

  pur (Figure 0.3). Nous avons observé que les flux d'eau atteignent un plateau au-dessus de pressions de l'ordre de 500 mBar, en fonction des teneurs et des masse molaires en PEG (Figure 0.3 b). De plus, nous avons trouvé que la perte de perméabilité, noté ( 𝐾 𝑚𝑎𝑥 -𝐾 𝐾 𝑚𝑎𝑥 ) , où 𝐾 𝑚𝑎𝑥 est la perméabilité obtenu à une pression de 20 mBar, augmente avec la concentration en PEG (Figure 0.4 b). Nous avons montré que cette perte de perméabilité est due à la compression des hydrogels sous l'effet de la pression.
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 03 Figure 0.3. Variation du flux d'eau en fonction de la pression appliquée pour des membranes d'hydrogel de PEGDA a) sans PEG et b) avec différentes teneurs en PEG 300 000 g.mol -1 .
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 05 Figure 0.5. Variation de la fraction du PEG calculée dans le liquide surnageant (symbole plein) et dans le perméat après une filtration cyclique (symbole vide) en fonction de la teneur en PEG dans la solution de prépolymérisation pour a) PEG-600, b) PEG-3000 et c) PEG-300 000 g.mol -1 .
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 06 Figure 0.6. Images AFM et images cryoMEB de la membrane d'hydrogel préparée avec du PEGDA et différentes teneurs en PEG-300 000 g.mol -1 .

  Figure 0.7. Variation de la concentration de nanoparticules NP-20 nm calculée dans le perméat en fonction du volume du perméat sous différentes pressions appliquées pour une membrane d'hydrogel préparée avec du PEGDA et a) 0 % en masse, b) 0,4 % en masse, c) 1,6 % en masse et d) 4% en masse de PEG-300 000 g.mol -1 .
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 08 Figure 0.8. Variation de la concentration en nanoparticules NP-100 nm et microparticules MP-1μm calculée dans le perméat en fonction du volume du perméat sous différentes pressions appliquées pour une membrane d'hydrogel préparée avec du PEGDA et 1,6 % en masse de PEG-300 000 g.mol - 1 . Les symboles vides correspondent à la concentration de nanoparticules NP-20 nm de latex.
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 09 Figure 0.9. Schéma représentatif de l'organisation de l'hydrogel PEGDA/PEG pour une concentration en PEG a) 𝐶 < 𝐶 * et b) 𝐶 > 𝐶 * .
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 11 Figure 1.1. Schematic illustration of a hydrogel network.

  of APS and N, N, N', N' Tetramethylethylendiamine (TEMED) to induce and initiate the polymerization reaction of polyacrylamide. c) Photochemical initiators, generating radicals under the effect of light or UV radiation. These are in general aromatic ketones which undergo homolytic cleavage of C-C upon UV exposure, with formation of two radical fragments, as shown in (Figure 1.2).
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 13 Figure 1.3. One conformation of a flexible polymer.
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 14 Figure 1.4. Flory's characteristic ratio 𝐶 𝑛 saturates at 𝐶 ∞ for long chains.
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 15 Figure 1.5. Schematic representation of a statistical coil with R the end-to-end distance and Rg the radius of gyration.
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 16 Figure 1.6. Schematic representation of the behavior of a polymer in solution.
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 17 (i)) or via spinodal decomposition to form a bicontinuous network formed by interconnected channels (Figure 1.7 A (ii)). Because the interface between these biphasic structures costs energy, their microscopic features tend to vanish over time, with interfacial forces driving their coarsening into two macroscopic domains (Figure 1.7 A (iii)). These demixing pathways entail very different morphologies.
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 17 Figure 1.7. Liquid-liquid phase separation and some established methods to control it. (A) Classical (uncontrolled) phase separation of a homogeneous mixture where the two immiscible components (blue and yellow) demix by either (i) nucleation and growth or (ii) spinodal decomposition until they form (iii) two distinct macroscopic phases. (B) Kinetic control of phase separation 43 .

Figure 1 . 8 .

 18 Figure 1.8. Schematic illustration of polymer network swelling.

Figure 1 . 9 .

 19 Figure 1.9. Photographs of the poly (vinyl alcohol) (PVA)/poly (vinyl pyrrolidone) (PVP) hydrogels during a) the uniaxial tensile test, b) the unconfined compressive test and c) the shear test 54 .

Figure 1 . 10 .

 110 Figure 1.10. Configurations of cross-flow filtration and dead-end filtration.

  Membrane permeability describes its resistance to the infiltration by a fluid. It can be calculated from the slope of the line of the variation of the flux versus the applied pressure 𝐽 = 𝑓(∆𝑃), as shown in (Figure1.11). This variation can be linear or non-linear depending on the properties of the filtration membrane used or the type of solute to be filtered. This non linearity can be caused either by the compression of the filtration membrane at high pressure or by the changing of the feed solution viscosity, temperature, … In the case of solute filtration, the non-linearity is due to the pores clogging resulting in a decrease of the permeate flux J, as explained later.

Figure 1 . 11 .

 111 Figure 1.11. Different variation of the flux as a function of the transmembrane pressure applied.

Figure 1 . 13 .

 113 Figure 1.13. Mechanism of concentration polarization.

Figure 1 . 14 .

 114 Figure 1.14. Schematic illustrations of three major theories ((a) obstruction, (b) hydrodynamic, and (c) free volume theories) describing the diffusion behavior of hard sphere particles in polymer networks 96 .

Figure 1 . 15 .

 115 Figure 1.15. Effects of steric hindrance and chemical interactions on gel penetration. (a) Particles above the mesh size are unable to penetrate the gel, even if they do not interact with the gel (b) small inert particles penetrate gels (c) weak interactions with gel polymers can enhance partitioning into the gel and subsequent penetration (d) binding to the gel causes enrichment of solute at the bath-gel interface but slowed gel penetration 97 .

Figure 1 . 16 .

 116 Figure 1.16. Diffusivity of negatively charged Alexa 488 fluorophores in positive dextran (+) and negative dextran (-) hydrogels as a function of the salt concentration C Ion including the counter ions without HI. The experimental data are presented as full symbols, and the simulation data are presented as line connected crosses 100 .

Figure 1 . 17 .

 117 Figure 1.17. The alternating filtration flux between pure water and BSA solution of CA/PAM membrane 117 .

Figure 1 . 18 .

 118 Figure 1.18. The rejection ratio for dye vs. molecular weight of dye 119 .

Figure 1 . 19 .Figure 1 . 20 .

 119120 Figure 1.19. Chemical structure of A) poly (ethylene glycol) diacrylate and B) Irgacure 2959 photoinitiator.

Figure 1 . 20 .

 120 Figure 1.20. Process of free radical polymerization of PEGDA polymer: initiation, propagation, and termination.

Figure 1 .

 1 Figure 1.21. Cross-sectional SEM images of membranes prepared with various PEGDA in prepolymerization mixture. (A) 100 wt% PEGDA and (B) 45 wt% PEGDA/55 wt% water 114 .

Figure 1 . 22 .

 122 Figure 1.22. CryoSEM micrographs of PEGDA hydrogels membranes with (a) 20 wt%, (b) 50 wt% and c) 100 wt% of PEGDA content 124 .

Figure 1 . 23 .

 123 Figure 1.23. Equilibrium water content in hydrated PEGDA free-standing hydrogels prepared with various chain lengths PEGDA of various chain lengths as a function of the prepolymerization water content 122 .

  this context, they have proposed structural model of PEGDA hydrogels based on selfexcluding, highly branched star-like polymers arranged in a fractal network. The porous network is represented as a two-phase medium composed of a high-density network phase (composed of PEGDA stars) coexisting with water voids of sizes of the order of hundreds of nanometers, as represented in Figure 1.24.

Figure 1 . 24 .

 124 Figure 1.24. Schematic representation of a hydrogel of stars arranged into a fractal structure.

Figure 1 . 25 .

 125 Figure 1.25. Variation of a) polymer volume fraction and b) void volume fraction in the network phase as a function of the total polymer volume fraction for different PEGDA molar mass 137 .

Figure 1 . 26 .

 126 Figure 1.26. Effect of PEGDA content on the elastic modulus and the strain at break for PEGDA based hydrogels 142 .

Figure 1 . 27 .

 127 Figure 1.27. Confocal images of middle regions of porous PEGDA hydrogels generated with salt crystals in size ranges of 50-100 µm (A), 25-50 µm (B), and 5-20 µm (C) 148 .

Figure 1 . 28 .

 128 Figure 1.28. SEM views of cut samples of the porous PEGDA-monoliths prepared with volume fractions of calcite between 0 and 0.3 149 .
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 14 Water permeability of XLPEGDA free-standing films prepared with different amounts of water in the prepolymerization mixture.Varying the PEGDA chain length results also in changing the cross-link density, the chemistry and structure of the PEGDA network 122 . Figure1.29 presents the influence of PEGDA chain length and prepolymerization water content on hydrogel water permeability. As shown before, water permeability increases as prepolymerization water content increases, for films prepared at the same PEGDA chain length. For short-chain PEGDA (n = 10 and 13) samples, PIPS occurs when prepolymerization water content increases. This creates a separate water phase in these samples that may contribute to increasing their water permeability.

Figure 1 . 29 .

 129 Figure 1.29. Variation of water permeability of PEGDA free-standing films prepared with PEGDA of various chain lengths as a function of water content in the prepolymerization solution 122 .

Figure 1 .

 1 Figure 1.30. BSA adhesion to the surface of XLPEGDA free-standing films prepared with PEGDA films of various chain lengths and various prepolymerization water contents 122 .

Figure 1 . 31 .

 131 Figure 1.31. Permeability variation as a function of time for PEGDA film with 80 wt% of water during filtration with BSA solution 124 .

Figure 1 .

 1 Figure 1.32. a) Variation of the trans-membrane flux as a function of the trans-membrane pressure, b) Variation of water permeability as a function of PEG-1000 g.mol -1 porogen content 157 .

Figure 1 . 33 .

 133 Figure 1.33. Variation of the measured effective diffusivity as a function of solute molecular weight and PEGDA hydrogel concentration 164 .

Figure 2 . 1 .

 21 Figure 2.1. Representative schematic of the filtration experiments using an ultrafiltration stirred cell.

Figure 2 . 2 .

 22 Figure 2.2. FTIR spectra of dried PEGDA hydrogels membranes prepared with 16 wt% of PEGDA and various PEG-300 000 g.mol -1 contents in prepolymerization mixture compared to the spectrum of the as-received PEGDA oligomer.

  3 d with a field of view of 20 µm and more precisely in Figure 2.3 g with a field of view of 5 µm. This is consistent with the work of Molina et al. who evidenced a structure with PEGDA rich zones coexisting with 200 nm voids filled with water 31 . The authors showed that the volume fraction of the water voids decreases when the PEGDA concentration increases. For the PEGDA/PEG samples 0.8 wt% and 4 wt%, the AFM images with a field of view of 20 µm Figure 2.3 (e-f) show micron size heterogeneities consistently with the increase in turbidity observed upon addition of PEG in the PEGDA samples.

Figure 2 . 3 .

 23 Figure 2.3. Photographs of PEGDA hydrogel membranes prepared with PEGDA and a) 0 wt%; b) 0.8wt% and c) 4wt% of PEG-300 000 g.mol -1 in the prepolymerization mixture. Surface AFM images with 20 µm of field of view of PEGDA hydrogel membranes prepared with PEGDA and a) 0 wt%; b) 0.8 wt% and c) 4 wt% of PEG-300 000 g.mol -1 in the prepolymerization mixture.

  7 wt%, to the PEGDA matrix increases the compliance of the gel. The values of the effective Young's moduli calculated for low strains decrease from 0.75 MPa to 0.05 MPa when the PEG-300 000 g.mol -1 percentage increases from 0.4 to 7.7 wt%, as represented in Figure 2.4 b.

Figure 2 .

 2 Figure 2.4. a) Stress versus strain for PEGDA hydrogel membranes prepared with 16 wt% of PEGDA and various PEG-300 000 g.mol -1 contents in the prepolymerization mixture. b) Variation of the effective Young's modulus as a function of PEG-300 000 g.mol -1 content.

2. 5

 5 shows the results of the water filtration experiments through a hydrogel membrane composed of 16 wt% of PEGDA which does not contain any free PEG chains. We first notice that the volume of water recovered at constant pressure increases linearly with time, during the filtration process (see Figure2.5 a). From the slope of the line, we can deduce the value of the water flow rate which remains constant over time at a given pressure, and increases from 3.26x10 -12 m 3 .s -1 to 1.36x10 -10 m 3 .s -1 when the pressure increases from 2000 Pa to 80000 Pa.

Figure 2 .

 2 Figure 2.5. a) Water permeate volume variation of PEGDA hydrogel membranes prepared with 16 wt% of PEGDA as a function of time for different pressures. (•) 2000 Pa; () 10000 Pa; (▲) 20000 Pa; (△) 40000 Pa ;(◼) 50000 Pa and () 80000 Pa. b) Water flux variation of a PEGDA hydrogel membrane prepared with 16 wt% of PEGDA as a function of pressure.

Figure 2 .

 2 Figure 2.6. a) Water permeate volume variation of PEGDA hydrogel membranes prepared with 16 wt% of PEGDA and 1.6 % of PEG-300 000 g.mol -1 as a function of time for different pressures. b) Water flux and c) Water permeability versus pressure for PEGDA hydrogel membranes prepared with 16 wt% of PEGDA and 1.6 wt% of PEG-300 000 g.mol -1 contents in the prepolymerization mixture.

with

  Cpermeate (mg.L -1 ) the concentration in the permeate measured by TOC, Vpermeate (L) the volume of permeate, 𝝫PEG (wt%) the weight fraction of PEG in the hydrogel, ρ hydrogel the volumic mass of the hydrogel taken equal to 𝜌 water = 10 6 mg.L -1 and V hydrogel the volume of the hydrogel membrane (L).The fraction f is about 3% for the first filtration cycle which shows that most of the PEG remains in the hydrogel. For the nine following filtration cycles, the amount of free PEG chains rinsed out of the hydrogel becomes lower than 0.3 % as represented in Figure2.7 b.

Figure 2 .

 2 Figure 2.7. a) Variation of the water flux for PEGDA hydrogel membrane prepared with 16 wt% of PEGDA and 1.6 wt% of PEG-300 000 g.mol -1 as a function of the applied pressure during ten filtration cycles. b) Effect of the number of filtration cycles on the on the concentration and the content of PEG-300 000 g.mol -1 measured in the permeate volume. The right axis represents the ratio of PEG leaving the hydrogel membrane to the total quantity contained in the membrane.

Figure 2 .

 2 Figure 2.8 a shows the comparison of the measured water fluxes for PEGDA/PEG hydrogel membranes as a function of pressure at different contents of PEG-300 000 g.mol -1 . When the PEG percentage increases, the values of J exhibit a maximum for a PEG weight fraction of 1.6

Figure 2 .

 2 Figure 2.8. a) Water flux versus pressure for PEGDA hydrogel membranes prepared with 16 wt% of PEGDA and various PEG-300 000 g.mol -1 contents in the prepolymerization mixture. (•) 0 wt%; () 0.4 wt%; (▲) 0.8 wt%; (△) 1.6 wt% ;(◼) 4 wt% and () 7.7 wt%. b) Water intrinsic permeability at P=10000 Pa versus content of PEG-300 000 g.mol -1 in the prepolymerization mixture of hydrogel membranes prepared with 16 wt% of PEGDA.

  PEG above C* leads to an increase of the PEG concentration in the PEGDA-poor areas above the entanglement concentration, which may retard the water transportation due to the polymersolvent friction, similarly to the work reported by Fujiki et al.40 who evidenced that the friction coefficient f -corresponding to 𝜇 𝐾 in our study-is governed by the polymer concentration. 2.6.2 Non-linear variation of the flow rate-pressure curve We reported in Figure 2.6 and Figure 2.8 a non-linear variation of the water flow rate with the applied pressure as the flow rate reaches a plateau at large pressures. We emphasize that the water flow rates measured for all samples at all pressures are constant over time for several hours (examples of time evolution of the water volume are shown Figure 2.6 a). Hence this levelling of the water flow rate with pressure is not due to any transient clogging phenomenon nor to the transfer of free PEG chains through the matrix which are shown to remain in the matrix in Figure 2.7.

Figure 2 . 9 .

 29 Figure 2.9. Water permeability variation versus pressure for PEGDA hydrogel membranes prepared with 16 wt% of PEGDA and various PEG-300 000 g.mol -1 contents in the prepolymerization mixture: () 0.4 wt%; (▲) 0.8 wt%; (△) 1.6 wt% ;(◼) 4 wt% and () 7.7 wt%.

4

 4 depending on the applied pressure and PEG content in the hydrogel.
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 46 Particles filtration experiments Particle filtration through conventional (pristine PEGDA hydrogels) and PEG-modified PEGDA hydrogels was measured using a dead-end ultrafiltration (UF) cell obtained from Fisher Scientific S.A.S. (Model 8050, 50 mL for 45 mm Filters) as represented in Figure 3.1.The filtrations are performed at ambient temperature, with 60 ml of carboxylate-modified polystyrene particles (Fluospheres) solution as the feed solution. The solution used for this experiment was 100-fold diluted in Milli-Q water to reach a particle concentration of 2x10 -4 g.mL -1 . The maximum feed pressure rating of 1 bar is used. The membrane area was 15.90 cm 2 fixed in the membrane holder of the cell. Standard filtration experiments are performed at a constant pressure (from 20 mBar to 800 mBar) and the liquid permeates are weighted as a function of time with a balance (Sartorius) to obtain a precise measurement of the flow rate 𝑄 in m 3 .s -1 . Permeate samples were analyzed using a UV-vis spectrophotometer to determine the concentration of the latex particles that passed through the gels during the filtration experiments.

Figure 3 . 1 .

 31 Figure 3.1. Representative schematic of the filtration experiments of latex particle suspension using an ultrafiltration stirred cell.

  4 wt%, 1.6 wt% and 4 wt% of PEG (Figure 3.2). For pure PEGDA hydrogel (Figure 3.2 a), we find that the nanoparticles of 20 nm (NP-20 nm) do not permeate through the hydrogels and their concentration in the permeate is zero. For the 0.4 wt% PEG samples (Figure 3.2 b), the concentration of NP-20 nm in the permeate increases with the permeate volume and depends on the applied pressure 𝑃. This concentration is almost zero at 𝑃 = 50 mBar and increases with the pressure.

Figure 3 . 2 .

 32 Figure 3.2. Variation of latex nanoparticle of 20 nm concentration in the permeate as a function of the permeate volume under different applied pressures for hydrogel membrane prepared with PEGDA and a) 0 wt%, b) 0.4 wt%, c) 1.6 wt% and d) 4 wt% of PEG-300 000 g.mol -1 .

Figure 3 . 3 .

 33 Figure 3.3. Variation of latex nanoparticles of 100 nm (NP-100 nm) and microparticles of 1 µm (MP-1µm) concentration in the permeate as a function of the permeate volume under different applied pressures for hydrogel membranes prepared with PEGDA and 1.6 wt% of PEG-300 000 g.mol -1 . The empty symbols correspond to the concentration of latex nanoparticles of 20 nm (NP-20 nm).

Figure 3 . 5 .

 35 Figure 3.5. Schematic propositions of the hydrogel structure that may account for our results. Illustration of the permeation of water and nanoparticles through the PEGDA/PEG hydrogel membranes. a) At low PEG concentrations, PEG chains trapped in the walls separating the micron sized cavities control the permeation of the particles and water through the hydrogels. b) At higher PEG concentration, PEG chains partially trapped in the PEGDA matrix decorate the PEGDA rich inner walls of the cavities and form dense brushes that slow down the permeation of water and particles.

Figure 3 . 6 .

 36 Figure 3.6. Variation of the water and latex nanoparticles of 20 nm (NP-20 nm) permeate fluxes as a function of applied pressure for hydrogel membranes prepared with PEGDA and a) 0 wt%, b) 0.4 wt%, c) 1.6 wt% and d) 4 wt% of PEG-300 000 g.mol -1 . The dashed lines are guides for the eye.

Figure 3 . 7 .

 37 Figure 3.7. Variation of the latex nanoparticles of 20 nm (NP-20 nm) permeate volume as a function of the time under different applied pressures, for hydrogel membrane prepared with PEGDA and a) 0 wt%, b) 0.4 wt%, c) 1.6 wt% and d) 4 wt% of PEG-300 000 g.mol -1 .

Figure 3 . 8 .

 38 Figure 3.8. Variation of the water, latex nanoparticles of 20 nm (NP-20 nm), nanoparticles of 100 nm (NP-100 nm) and microparticles of 1 µm (MP-1µm) permeate flux as a function of applied pressure for hydrogel membranes prepared with PEGDA and 1.6 wt% of PEG-300 000 g.mol -1 . The dashed lines are guides for the eye.
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 39 Figure 3.9. Variation of latex a) nanoparticles of 100 nm (NP-100 nm) and b) microparticles of 1µm (MP-1 µm) permeate volume as a function of time under different applied pressuresfor hydrogel membranes prepared with PEGDA and 1.6 wt% of PEG-300 000 g.mol -1 .

Figure 3 . 10 .

 310 Figure 3.10. CryoSEM images of the cross-section of PEGDA/1.6 wt% PEG hydrogel membrane after filtration experiments of nanoparticle of 100 nm (NP-100 nm).

  pressure and measuring the permeation flux (Figure3.11). In the case of the 100 nm particles (Figure3.11 a), after a first increase of the pressure to 800 mBar, decreasing the pressure back to lower values does not enable to recover the same value of the permeation flux as the one measured as the pressure is increased. This means that the clogging of the cavities by the 100 nm is irreversible and that the particles are trapped inside the cavities, as shown with cryoSEM images. However, the cyclic filtration of MP-1µm through the hydrogel does not affect significantly the permeate flux, as shown in Figure3.11 b. This result confirms that these micron sized particles do not enter into the hydrogel and that the flux reduction is due to a reversible deposition of a layer of particles of constant thickness on the hydrogel membrane.

Figure 3 . 11 .

 311 Figure 3.11. Cyclic filtration of a) nanoparticles of 100 nm (NP-100 nm) and b) microparticles of 1 µm (MP-1 µm) through PEGDA hydrogels prepared with 1.6 wt% of PEG chains.

- 1 )

 1 oligomers with 13 ethylene oxide units and 4-(2-hydroxyethoxy) phenyl 2-hydroxy-2-propyl ketone (Irgacure 2959) photoinitiator which are purchased from Sigma-Aldrich. Linear poly (ethylene glycol)s (PEG) (𝑀𝑤 ̅̅̅̅̅ =600 ; 3000 (Đ =1.031) ; 10 000 (Đ =1.031) ; 35 000 (Đ =1.026)) are purchased from Sigma-Aldrich. Linear poly (ethylene glycol)s (PEG) (𝑀𝑤 ̅̅̅̅̅ =300 000 g.mol -1 , Đ =2.1) and

Figure 4 . 1 .

 41 Figure 4.1. Water permeability at P=10000 Pa versus content of a) PEG-600 g.mol -1 ; b) PEG-3000 g.mol -1 ; c) PEG-10 000 g.mol -1 ; d) PEG-35 000 g.mol -1 ; e) PEG-300 000 g.mol -1 and f) PEG-600 000 g.mol -1 in the prepolymerization mixture of hydrogels membranes prepared with 16 wt% of PEGDA. The dashed lines are represented as a guide for the eyes.

Figure 4 .

 4 Figure 4.2. a) Variation of the water permeability as a function of the PEG concentration added to the hydrogel membrane with various molar mass. b) Variation of the slop of the curve (Permeability versus PEG content) at low PEG content as a function of PEG molar mass. c) Variation of the maximal water permeability as a function of PEG molar mass used in the composition of the PEGDA/PEG hydrogel membrane. The red solid line represents the water permeability of the conventional PEGDA hydrogel membrane without PEG chains (𝐾~ 10 -18 m 2 ). The dashed lines are represented as a guide for the eyes.
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 52 Fraction of the PEG chains trapped in the PEGDA matrix In Chapter 2, we have shown that the chains of PEG-300 000 g.mol -1 are irreversibly trapped in the hydrogels and do not get flushed out even over several filtration cycles and play a key role in the permeability of the hydrogels. In this Section, our goal is to determine whether the molar mass of the PEG chains influences the amount of chains trapped.

  𝐶 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (mg.L -1 ) is the concentration in the permeate measured by TOC, 𝑉 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 (L) is the volume of permeate, ∅ 𝑃𝐸𝐺 (wt%) is the weight fraction of PEG in the hydrogel, 𝜌 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 is the volumic mass of the hydrogel taken equal to 𝜌 𝑤𝑎𝑡𝑒𝑟 = 10 6 mg.L -1 and 𝑉 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 is the volume of the hydrogel membrane (L).As presented in Figure4.3, the fraction of PEG calculated in the supernatant depends on the PEG molar mass. For the small PEGs (i.e. PEG-600 and 3000 g.mol -1 ), 20 % of the PEG initially present in the PEGDA/PEG hydrogel are released from the hydrogel membranes into the supernatent (Figure4.3 a and b) while 80% remain trapped in the sample. However, less than 4 % of PEG chains can be found in the supernatant for the large PEG chains of 300 000 g.mol - 1 (Figure4.3 c). In contrast, the fraction of PEG calculated in the permeate after a cyclic filtration is negligible (< 1%), regardless the molar mass.

Figure 4 . 3 .

 43 Figure 4.3. Variation of the fraction of PEG calculated in the supernatant liquid (solid symbol) and in the permeate after cyclic filtration (empty symbol) as a function of the content (wt%) of PEG in the prepolymerization solution for a) PEG-600, b) PEG-3000 and c) PEG-300 000 g.mol -1 .

Figure 4 . 6 .

 46 As shown in Figure 4.6 b, the addition of low content of PEG (i.e. 0.4 wt%) does not affect significantly the PEGDA hydrogel structure which present a distribution of pores of typical size ~ 200 nm. However, the addition of 0.8 wt% of PEG (Figure 4.6 c) leads to the formation of a small number of larger cavities of size ~ 500 nm, marked with dashed circle. For 4 wt% of PEG added, we observe an increased number of these large cavities (Figure 4.6 d). The same trend is observed for PEG 600 and 10 000 g.mol -1 as represented in Figure S4.5.

Figure 4 . 6 .

 46 Figure 4.6. Surface AFM images of PEGDA hydrogels membranes prepared with 16 wt % of PEGDA and various content of PEG-3000 g.mol -1 a) 0; b) 0.4; c) 0.8 and d) 4 wt%.

Figure 4 . 7 .

 47 Figure 4.7. Surface AFM images of PEGDA hydrogels membranes prepared with 16 wt % of PEGDA and various content of PEG-35 000 g.mol -1 a) 0.4; b) 0.8; c) 2.4 and d) 4 wt%.

Figure 4 .

 4 8 which we rediscuss now in light of the new results presented in Chapter 4. At PEG concentrations below 𝐶 * , we suggested that the PEG chains are trapped in the PEGDA rich walls separating the micron size heterogeneities and provide local defects in the cross-linking density which enables an increase of the water permeation flux. Some of the PEG chains trapped in the PEGDA walls may also decorate the internal surface of the micron size cavities and form an elongated brush which slows down the water permeation above the PEG overlap concentration. Given the similar trend of the permeability curves and the AFM/cryoSEM measurements observed for the various molar masses this scenario seems robust.

Figure 4 . 8 .

 48 Figure 4.8. Schematic propositions of the hydrogel structure that may account for our results. Illustration of the permeation of water and nanoparticles through the PEGDA/PEG hydrogel membranes. a) At low PEG concentrations, PEG chains trapped in the walls separating the micron sized cavities control the permeation of the particles and water through the hydrogels. b) At higher PEG concentration, PEG chains partially trapped in the PEGDA matrix decorate the PEGDA rich inner walls of the cavities and form dense brushes that slow down the permeation of water and particles.

Figure 4 .

 4 Figure 4.9. a) Variation of cavities volume fraction and b) Water volume fraction in the PEGDA matrix as a function of the total PEGDA polymer volume fraction.

Figure S3. 2 .

 2 Figure S3.2. CryoSEM image of the cross-section of a PEGDA/1.6 wt% PEG hydrogel membrane after filtration experiments of microparticles of 1 µm (MP-1µm).

Figure S4. 4 .

 4 Figure S4.4. CryoSEM images of hydrogel membranes prepared with PEGDA and various content of PEG-600 g.mol -1 a) 0; b) 7.7 and c) 29.5 wt% and PEG-300 000 g.mol -1 d) 0.4; e) 1.6 and f) 4 wt%.

Figure S4. 5 .

 5 Figure S4.5. Surface AFM images of PEGDA hydrogels membranes prepared with 16 wt % of PEGDA and various content of PEG-600 (a, b and c) and PEG-10 000 g.mol -1 (d, e and f).

1 (

 1 hydrogel membranes, we have measured the water flux for different pressure ranging from 2000 to 80000 Pa for hydrogels prepared with various PEG contents and molar masses. The results are presented in Figure S4.6.Similarly for PEGDA/PEG-300 000 g.mol -1 membranes shown in Chapter 2, we observe a nonlinear variation of the water flux 𝐽 as function of the applied pressure for PEGDA with PEG-600, PEG-3000, PEG-35 000 and PEG-600 000 g.mol -1 . Depending on PEG contents and molar masses, water flux reaches a plateau at different pressure. It is about 400 and 600 mbar for PEGDA with 7.7 and 29.5 wt% of PEG-600 g.mol -1 , respectively (see FigureS4.6 a). However, this plateau is reached earlier (~ 200 mbar) for PEGDA with 14 and 17 wt% of PEG-3000 g.mol -1 (FigureS4.6 b), as well as for PEGDA with 3.2 to 7.7 wt% of PEG-35 000 g.mol -FigureS4.6 c). Surprisingly, for PEG with high PEG-3000 content (e.g. 20 and 22.5 wt%), the water flux does not present a plateau at high pressure, but it decreases as the applied pressure increases. This new behavior is also observed with a high content of PEG-35 000 g.mol -1 (e.g. 14 and 20 wt%) as represented in (FigureS4.6 c). Consequently, we suppose that the decreasing of the water flux at high applied pressure for some high content of PEG, or the forming of a plateau is probably due to a compression of the hydrogel and the closure of some pores during filtration experiments.

Figure S4. 6 .

 6 Figure S4.6. Variation of water flux versus applied pressure for PEGDA hydrogel membranes prepared with various content of a) PEG-600, b) PEG-3000, c) PEG-35 000 and d) PEG-600 000 g.mol -1 .

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  125,[139][140][141] . For example, Kang et al.114 compared the mechanical performance of membranes prepared with various content of PEGDA-302 g.mol -1 in prepolymerization mixture. As represented in (Table1.3), the decrease of PEGDA content in prepolymerization solution from 100 to 45 wt%, decreases the tensile strength (𝜎 𝑏 ) from 2.84 to 0.42 MPa, and Young's modulus (E) from 87.35 to 2.43 MPa of the prepared membranes, respectively. In contrast, it increases the breaking elongation (𝜀 𝑏 ) slightly from 6.84 % to 9.87 %, respectively. This difference in properties is related to the

decrease of cross-link density, and therefore the enlarge of pore size of the membrane, as the PEGDA content decreases in prepolymerization solution. Table 1.3. Comparison of the mechanical performance of membranes prepared with various PEGDA-302 g.mol -1 in prepolymerization mixture 114 .
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  1 , the permeability maximum are respectively obtained for 𝐶 ≈ 8; 4 and 1 wt% which correspond well to the values of 𝐶 * presented in Table4.1. These values of 𝐶 * are obtained either by a change of slope in the

	viscosity measurements 𝜇(𝐶) (presented in Figure S4.2) or by using the following polymer
	physics scaling law (Equation 4.2):			
	𝐶 * =	4 3	𝑀 𝑤 ̅̅̅̅̅ 𝜋𝑟 𝑔 3 𝑁 𝐴	(4.2)

Table 4 .
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1. The values of 𝑟 𝑔 and 𝐶 * for different PEGs molar mass. 123

  concerning PEGDA/water systems which enables us to discuss the polymerization process with and without added PEG.Molina et al. have shown using SANS measurements that PEGDA/water hydrogels are composed of water cavities coexisting with a PEGDA/water matrix that is characterized by a fixed ratio of water/PEGDA of 50/50 which does not depend significantly on the PEGDA molar mass. Adding water into the system at a weight fraction above this ratio results in a phase separation, where the water in excess forms cavities whose volume fraction is noted 𝝫cavities hereafter (NB: it is noted 𝝫voids in Molina's article, explained in Chapter 1 of this thesis manuscript, pages 40 and 41). When the total PEGDA content in the sample increases (noted 𝝫0 in Molina's article), the fraction of water in the PEGDA/water matrix, called  matrix water (1-𝝫0,n in Molina's article) remains constant and equal to 50 wt% while by mass conservation 𝝫cavities has to decrease (black lines in Figure
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from the polymerizing PEGDA/water network and is trapped in cavities of diameter 𝑑 𝑐𝑎𝑣𝑖𝑡𝑦  200 nm. The rejection of the 20 nm particles by these PEGDA hydrogels suggests that these 200 nm water cavities are closed. 

The average Z-scale in AFM images is ± 50 nm

For all three PEG containing samples investigated, larger cavities of size 𝑑 𝑐𝑎𝑣𝑖𝑡𝑦  µm are evidenced by cryoSEM images in Figure 3.4. The walls of these micrometric cavities can be observed by AFM with a field of view of 5 µm. For reasons of image clarity, the Z-scales are not identical for all images. The average Z-scale is ± 50 nm. The AFM images evidence smaller cavities of diameter 𝑑 𝑐𝑎𝑣𝑖𝑡𝑦  200 nm for the 0.4 wt% hydrogels which are very similar to the case of the reference PEGDA sample, hence suggesting that the walls of the micron size cavities are mainly composed of PEGDA and water. For the 1.6 wt% sample, the PEGDA rich walls do not present 200 nm cavities but present nanometric heterogeneities of a few tens of nanometers, while for the 4 wt% PEG sample the walls of the micron size cavities seem to be homogenous at a nanometric scale.

To summarize, the three PEG containing samples present similar micron sized cavities but only the 0.4 wt% and 1.6 wt% allow for the permeation of the 20 nm particles while none of the three samples enables the permeation of the 100 nm or 1 µm particles. In Figure 3.5 a and b, we suggest possible elements of the structure that may account for such results depending on the PEG concentration. We showed in a previous article 38 that the PEG chains remain Although the situation described by the Carman Kozeny equation is obviously different from our system, this equation has already been used to predict the permeability of hydrogels [42][43][44] , taking for 𝑑 the distance between two cross-links in the case of a simple hydrogel. In our case, we first take 𝑑  20 nm, i.e. the typical size discussed above. For the 1.6 wt% of PEG hydrogel, the permeability is 𝐾  5x10 -16 m 2 , from which we can deduce a cavity fraction of ∅  0. 95. This means that the nanometric heterogeneities in the walls of the micron sized cavities may control water permeation in the hydrogels.

Clogging of the PEG/PEGDA hydrogels by nano and microparticles

We compare the water permeation flux through the PEG/PEGDA hydrogels when the feed solution is either pure water or the nano and microparticle suspension. For the pure PEGDA hydrogels and the 4 wt% PEG hydrogels, the permeation flux is identical for pure water and for the 20 nm particle suspension (Figure 3.6 a and d). However, for the 0.4 wt% (Figure 3.6 b) and 1.6 wt% (Figure 3.6 c) hydrogels, the permeation flux of the 20 nm suspension is lower than the one measured for pure water. For these two hydrogels, we showed earlier that the 20 nm particles permeate through the samples, hence we suggest that there might be some clogging of the smallest cavities of the hydrogels by the 20 nm particles, thus reducing the permeation flux.

Chapter 4 4 Effect of PEG content and molar mass on the morphological structure and water permeability properties of PEGDA/PEG composite hydrogel membranes

ABSTRACT

In our study, we explore the effect of poly (ethylene glycol) (PEG) molar mass on the permeability and structure of poly (ethylene glycol) diacrylate PEGDA/PEG composite hydrogel membranes. We find that the variation of PEG contents and molar masses allowed tuning the water permeability properties over several orders of magnitude. We show that the maximum of water permeability measured at the critical overlap concentration 𝐶 * of PEG chains in a previous study is a robust phenomenon. Moreover, the maximum permeability measured at 𝐶 * follows a non-monotonic evolution with the molar mass and presents a maximum for a molar mass of PEG-35 000 g.mol -1 . Our results show that most PEG chains are irreversibly trapped in the PEGDA matrix even for the shortest molar masses down to 600 g.mol -1 suggesting that the PEG chains may be covalently grafted to the PEGDA matrix.

CryoSEM and AFM measurements show large micron size cavities separated by PEGDA rich walls which nanometric structure strongly depends on the PEG content. Combining our permeability and structural measurements, we suggest that the PEG chains trapped inside the PEGDA rich walls induce nanometric defects in the cross-linking density that result in the increase of the permeability below 𝐶 * . Above 𝐶 * we suggest that partially trapped PEG chains may form a brush decorating the surface of the PEGDA rich walls leading to a decrease of the permeability. These two opposite effects are expected to depend on the molar mass with opposite trends which may account for the non-monotonic variation of the maximum simple experiment tells us that the PEG chains probably react chemically with the acrylate functions (see Figure S4.3) and get covalently grafted to the network. This experiment has been done by Sixtine de Chateauneuf-Randon. In order to understand the relation between the PEGDA/PEG hydrogel permeability and structure and how this depends on the PEG content, we perform AFM and cryoSEM measurements. CryoSEM measurements are performed with PEG molar mass of 600 g.mol -1 , 3000 g.mol -1 , 300 000 g.mol -1 and 600 000 g.mol -1 . However, for the sake of clarity we only present in Figure 4.5 the results obtained with PEG 3000 g.mol -1 and 600 000 g.mol -1 , while the other molar masses are presented in Figure S4.4. As a reference, the case of PEGDA without PEG is given in Figure 4.5 a.

As discussed in Molina's article 41 and in Chapters 2 and 3, the 200 nm large cavities observed with the PEGDA sample correspond to the water in excess that is rejected from the PEGDA matrix whose equilibrium polymer/water fraction is 50/50 wt%/wt%. As discussed in the previous Chapters, these cavities are most probably closed leading to a low intrinsic permeability.

Adding 4 wt% of PEG-3000 g.mol -1 induces a slight increase in the size of the cavities up to ~ 500 nm (Figure 4.5 b). For some of the cavities, darker zones -marked with arrows-reveal areas which extend in depth in the direction perpendicular to the plane of observation and correspond to water that is sublimated during the successive sublimation cycles. These observations show that a weak fraction of these pores seems to be open in contrary to the case of pure PEGDA for which these cavities are closed. For the 17 wt% of PEG samples (Figure 4.5 c), the size of the cavities increases and reaches sizes of the order of one micron. In this case also, some of the cavities seem to extend in depth. For PEG-600 000 g.mol -1 , micron size cavities are observed similarly to the results of PEG-300 000 g.mol -1 discussed in Chapter 3. In this case we do not detect an extension of the cavities in the direction perpendicular to the plane of observation. These results confirm previous filtration and permeation measurements from which we concluded that these micron size cavities probably do not form a percolating network and that the permeation of water and nanoparticles is rather controlled by the structure of the PEGDA rich walls between these micron size cavities.

To obtain more insight into the wall structure, we perform AFM measurements with a field of view of 10 µm for the various PEG molar mass at various concentrations below and above 𝐶 * .

Conclusion & Perspectives

Hydrogels, which are networks of polymer chains in water, have porous and hydrophilic structures that have recently attracted the attention of researchers in the context of filtration and wastewater treatment. Their network structure, morphology and porosity enable the control of the diffusion and transport of different species and particles.

In this context, previous studies reported in the literature have mainly described the use of hydrogels as coating films on hydrophobic surfaces of conventional filtration membranes in order to improve their fouling resistance. However, the use of free-standing hydrogel membranes and the control of their porosity structure and permeability properties are rarely studied for filtration applications.

In this study, we were interested in developing a hydrogel system, with well-controlled permeability properties, formed in one-step process and capable of withstanding the pressure applied during the filtration experiment. For this purpose, we prepared different series of hydrogel membranes by the photopolymerization of a mixture of poly (ethylene glycol) diacrylate (PEGDA) and poly (ethylene glycol) (PEG) chains. We studied the effect of PEG concentration and molar mass (variable molar masses between 600 and 600 000 g.mol -1 ) on the water permeability, mechanical properties and particles selective filtration of PEGDA/PEG composite membranes. Moreover, we investigated the evolution of the hydrogel structures, obtained by atomic force microscopy (AFM) and cryoscanning electron microscopy (cryoSEM) measurements. We further suggested an organization of the PEG chains in the PEGDA matrix that may account for most of our structural and permeability measurements.

The main conclusions obtained are highlighted below:

Roles of PEG concentration and molar mass on water intrinsic permeability at low applied pressure

In this study, the main objective was to investigate the effect of the addition of PEG chains on the water intrinsic permeability of PEGDA/PEG hydrogel membrane at low applied pressure. Compared to our reference PEGDA hydrogel membrane, we found that the addition of PEG chains, with different concentration and molar mass, allows to tune the water permeability over several orders of magnitude. For the low PEG chains added in the system (e.g. 600 and 3000 g.mol -1 ), we obtained a continuous increase of the permeability 𝐾 with the PEG content. However, for the high PEG molar masses studied (10 000; 35 000; 300 000 and 600 000 g.mol -1 ), the water permeability increases similarly with the content of PEG, until it reaches an optimum for a critical concentration of PEG. Above this critical concentration, the water permeability decreases as the PEG content increases. Interestingly, we found that this concentration corresponds to the critical overlap concentration of PEG chains, noted 𝐶 * , which marks the transition between a diluted and a semi-diluted regime for a polymer solution in water. Consequently, we obtained a robust phenomenon where the PEG concentration is a key parameter to control the water permeability of the composite hydrogel. In addition, the maximum of permeability obtained at 𝐶 * was applied to PEG chains of varying molar masses.

Non-linear intrinsic permeability variation with the pressure

We studied the effect of applied pressure on the water permeability for different PEGDA/PEG hydrogel membranes. In the presence of PEG chains, we obtained a non-linear variation of the water flux as a function of the applied pressure, in contrast to the case of the reference PEGDA sample. We observed that water fluxes reach a plateau above pressures of the order of 500 mBar, depending on PEG contents or molar masses. In addition, we obtained that the loss of permeability increases with the PEG concentration. We showed that the loss of permeability is due to the compression of the hydrogels upon applied pressure. We studied the mechanical properties of the hydrogels using compression experiments. We found first that the high strain imposed on the hydrogel membrane (e.g ~ 30 %), led to the expulsion of water from the hydrogel membrane containing different content of PEG chains, contrary to the pure PEGDA hydrogel without water expulsion. This result showed that adding PEG into the membranes leads to an opening of the hydrogel porosity. In addition, we found that the PEGcontaining samples had a lower effective modulus than PEGDA hydrogels without PEG. The value of Young's moduli calculated for low strains decreased when the PEG content increases, for different molar mass. This softening of the hydrogels with the PEG content correlates well with the fact that the permeability loss increases with the PEG content. Consequently, we suggested that the non-linear variation of the permeability with the pressure was due to the compression of the hydrogels and the reduction of the pore size under the action of a large pressure.

Influence of PEG content on PEGDA/PEG hydrogel's morphological structure

The next challenge of this work was to understand the effect of PEG chains, with different content and molar mass, on the structuration of the PEGDA matrix. First, we confirmed that the PEGDA polymerization reaction was complete even after the addition of PEG chains of different concentrations. We then analyzed the content of PEG released from the hydrogel in the water supernatant, as well as in the permeate after a cyclic filtration. We found that for small PEG chains (i.e. 600 and 3000 g.mol -1 ), most of the chains remain irreversibly trapped in the matrix. Moreover, for PEG with high molar mass (i.e. 300 000 g.mol -1 ), 96 % of the chains remained trapped in the matrix during the complete rinsing and filtration process. To account for these results, we hypothesized that the PEG chains may be chemically grafted to the PEGDA matrix through a chain transfer mechanism where the radicals transfer to the PEG chains.

In order to obtain insight into the structure of the PEG/PEGDA hydrogels, we employed atomic force microscopy (AFM) and cryoscanning electron microscopy (cryoSEM) measurements.

We showed first that the conventional PEGDA hydrogels, prepared without PEG, present a distribution of cavities of diameter ~ 200 nm, which are filled with water due to a phase separation between PEGDA (𝑀𝑤 ̅̅̅̅̅ =700 g.mol -1 ) and water, consistently with literature studies.

Upon the addition of PEG, we observed a change in PEGDA hydrogel structure with the appearance of larger cavities of ~ 1 μm, evidenced by cryoSEM images, for different PEG molar mass. Correlating these observations with our permeability results, we suggested that the 200 nm cavities for the reference PEGDA sample are closed and that the permeation of water is controlled by the PEGDA matrix. In addition, for the PEGDA/PEG hydrogel membranes, we assumed that the observed micron size cavities probably do not form a percolating network and that the permeation of water is rather controlled by the structure of the PEGDA rich walls between these micron size cavities. Using AFM measurements, we showed that the structure of PEGDA-rich wall was largely affected upon the addition of PEG chains. We observed the presence of nanoscale heterogeneities of a few tens of nanometers in the PEGDA rich walls between the micron size cavities. Moreover, for high PEG content (i.e. 4 wt% of PEG-35 000 g.mol -1 and PEG-300 000 g.mol -1 ), we noticed that the walls of the micron size cavities became homogenous at a nanometric scale. Correlating again these results with our permeability measurements, we proposed that the presence of PEG chains, trapped in the PEGDA rich walls, provides local nanoscale defects in the cross-linking density which enables an increase of the water permeation flux at low PEG concentration. However, at high PEG content, some of the PEG chains may also decorate the internal surface of the micron size cavities and form an elongated brush which consequently slows down the water permeation and would account for the permeability decrease above 𝐶 * .

Filtration of particles through the PEGDA/PEG hydrogel membranes

We investigated the filtration of polystyrene particles of different size: 20 nm, 100 nm and 1 µm through a PEGDA membrane prepared with various content of PEG-300 000 g.mol -

1 . First, we obtained that the permeation of 20 nm particle depends on both the PEGDA/PEG composition and the pressure applied during filtration. For hydrogel prepared with pure PEGDA and PEGDA with high content of PEG (above the critical overlap concentration), we found that the polystyrene nanoparticles of 20 nm do not permeate through the hydrogels even under the highest applied pressure of 800 mBar. Their concentration calculated in the recovered permeate was zero. However, the most permeable hydrogel prepared with the critical overlap concentration of PEG-300 000 g.mol -1 allowed the passage of 20 nm particles but not the permeation of the largest particles with 100 nm and 1 μm in diameter.

These results suggest that the permeation of water and particle is controlled by the nanometric defects created by trapped PEG chains in the PEGDA walls between the micron size cavities.

Perspectives

Further progress in this domain could be investigated in order to complete the filtration and structural studies of our PEGDA/PEG hydrogel system.

Concerning the hydrogel structure, further studies can be performed to complement the one we conducted on the PEGDA/PEG hydrogel system. For example, small angle X-ray (SAXS) and neutron scattering (SANS) measurements are well-suited techniques to characterize the nanostructure heterogeneity in polymer hydrogels. In our case, due to the similar structure of PEGDA an PEG, the use of SANS measurement is more suitable as the scattering contrast can be easily enhanced by using a deuterated PEG. Consequently, this technique will probe only the PEGDA structure and therefore determine the direct effect of PEG addition on the PEGDA matrix structure.

Furthermore, by using functionalized PEG and PEGDA chains with two different fluorescents dyes, we can perform confocal microscopy to determine how the PEG chains are organized in Supporting Information of Chapter 2

Large and non-linear permeability amplification with polymeric additives in hydrogel membranes

Swelling and water content

In order to determine the water content in PEGDA and PEGDA/PEG hydrogels, the weight of sample membranes of 1 mm of thickness and 45 mm of diameter is measured right after preparation (𝑊 0 ) and then after placed in an oven at 80°C for several hours (𝑊 𝑑 ). The water percentage of the hydrogels is expressed by the (Equation S2.1):

We note that we measure the water content right after polymerization and 24 hours later after immersion in water at room temperature.

Disks were weighed and placed in water at room temperature and then taken out of the solution at time intervals, blotted for removal of the surface water and weighed. The swelling of the network can be expressed by the weight swelling ratio Q in (Equation S2.2):

where 𝑊 𝑠 is the weight of the swollen hydrogel. 

Model of pore compression

Let us take a composite material made of an incompressible elastic solid matrix (PEGDA) of volume 𝑉 0 and Young's modulus 𝐸 0 , and a set of 𝑁 𝑝 identical liquid pores (or inclusions) of size 𝑑 𝑝 , or volume 𝑉 𝑝 ~𝑑𝑝 3 . The ensemble has an effective Young's modulus 𝐸(𝜑), where the volume fraction of liquid (or of pores) 𝜑 is given by (Equation S2.3):

where 𝑉 is the total volume and given by (Equation S2.4):

We also introduce an effective Poisson's ratio 𝜈 < 0.5. When this matrix full of liquid pores is compressed isotropically with a pressure 𝑃, it is the effective compression/bulk modulus 𝐵, and not the effective Young's modulus 𝐸 which it is necessary to take into account. The elastic relation in this case is given by (Equation S2.5):

where 𝑑𝑉 is the variation of the total volume.

The two modules are linked by the law reads in (Equation S2.6):

However, since 𝑉 0 is constant due to the presumed incompressibility of the matrix, the variation of the total volume 𝑑𝑉 is given by (Equation S2. Finally, one needs to have an expression for E(𝜑). In a work by Style et al. 1 for example, a model for identical spherical inclusions is provided. In their work, we see that for fractions that are not too low, the product 𝜑. 𝐸(𝜑) is of the order of 𝐸 0 , whatever the elastocapillary ratio 𝛾/(𝐸 0 . 𝑑 𝑝 ), with 𝛾 the solid-liquid surface tension. Hence, modeling liquid pores as these inclusions, one gets in fine as a reasonable approximation, in equation (S2.9):
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Sieving and clogging in PEG-PEGDA hydrogel membranes

Characterization of latex particles

The characteristic of carboxylate-modified polystyrene particles of different size are represented in Table S3.1. The absorption wavelength, the zeta potential and the pH of the solution with a concentration of 2x10 -4 g.mL -1 does not depend on the particles size.

The size distributions of different latex particles in water is represented in Figure S3. Table S3.1. Absorption wavelength, size, zeta potential and pH of feed solutions of latex particles with C=2x10 -4 g.mL -1 . 

Rheological experiments

Rheological experiments are performed using an ARG-2 rheometer TA, in order to obtain the critical overlap concentration 𝐶 * of PEG chains with different molar masses.

As shown in Figure S4.2 , as expected the viscosity increases when the PEG concentration increases. For the PEG of different molar masses, we notice a variation of the slope of the line from 1.5 to 3.4 for PEG-3000 g.mol -1 , from 0.68 to 2.7 for PEG-35 000 g.mol -1 and from 0.9 to 3 and above, for the very high PEG molar masses (i.e. 300 000 and 600 000 g.mol -1 ). This variation is a sign of the transition between the diluted and the semi-diluted regime. At this stage, there is a contact between the PEG coils due to the decrease of the distance between them. The associated concentration is called critical overlap concentration 𝐶 * being determined at about 35 wt%, 4 wt%, 1.6 wt% and 1 wt% for PEG-3000, 35 000, 300 000 and 600 000 g.mol -1 , respectively. 

Polymerization of PEGMA

This images has been taken by Sixtine de Chateauneuf-Randon. 

CryoSEM and AFM images

(i.e. 0.1 MPa) are applied for hydrogel prepared with PEGDA and various content of PEG 600, 3000 , 10 000 , 35 000 and 600 000 g.mol -1 .

The effective Young's modulus of each gel was calculated from the slope of the stress-strain curve using the Hooke's law E = σ/ɛ in the range of >1-4 % in strain, in the loading phase. For all samples, E was calculated from adjusting the stress-strain data at strain >1-4%, while some curve variability was observed at the very low strains (0-1%) because of parallelism issues. The variation of the effective Young's modulus value as a function of PEG content is represented later. For PEGDA membranes prepared without PEG (0 wt%), the effective Young's modulus value, calculated from the slope of the stress-strain curve (see Figure S4 As mentioned before, the addition of PEG content to the PEGDA matrix results in decreasing the effective Young's modulus. As shown in Figure S4.8 , the effective Young's modulus for PEGDA prepared with low and high PEG molar mass present the same dependence. For example, for the lowest molar mass (e.g. 600 g.mol -1 ), it decreases monotonically from 0.78 to 0.45 MPa when the PEG content increases from 7.7 to 29.5 wt%. As well it decreases from 0.28 to 0.07 MPa when the content of highest molar mass of PEG-600 000 g.mol -1 increases from 0.08 to 1.6 wt%. In addition, for the same PEG content, the effective Young's modulus decrease as the PEG molar mass increases. Thus, the PEGDA/PEG hydrogels were significantly softer with increasing molar mass and content of PEG chains. This behavior is likely derives from two effects: either to the large volume fraction of non-cross-linked PEG domains present in the hydrogel membranes, or this is the result of the introduction of PEG chains in the PEGDA network. This PEG integration (particularly for large PEG chains) features a molar mass between cross-links considerably larger than in pure-PEGDA matrix, which should lead to a pronounced softening of the hydrogels membranes. As we have shown before that the PEG chains are not rinsed out of the hydrogel, but its covalently grafted to the PEGDA network, the latter hypothesis seems more convincing.