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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.

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 [START_REF] Petersen | Composite reverse osmosis and nanofiltration membranes[END_REF][START_REF] Freeman | Gas and Liquid Separations Using Membranes: An Overview[END_REF]. 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 [START_REF] Tul Muntha | Advances in Polymeric Nanofiltration Membrane: A Review[END_REF][START_REF] Kayvani Fard | Inorganic Membranes: Preparation and Application for Water Treatment and Desalination[END_REF]. 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 [START_REF] Tokarev | Stimuli-responsive porous hydrogels at interfaces for molecular filtration, separation, controlled release, and gating in capsules and membranes[END_REF]. Their network structure also enables ones to control the Brownian diffusion of species through them [START_REF] Latreille | Spontaneous shrinking of soft nanoparticles boosts their diffusion in confined media[END_REF][START_REF] Yu | Rapid transport of deformation-tuned nanoparticles across biological hydrogels and cellular barriers[END_REF] which can be used for drug delivery purpose [START_REF] Vashist | Hydrogels: smart materials for drug delivery[END_REF].

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 [START_REF] Fernández-Rico | Putting the Squeeze on Phase Separation[END_REF]. In the context of water treatment [START_REF] Mohammadzadeh Pakdel | Review on recent progress in chitosan-based hydrogels for wastewater treatment application[END_REF], biomolecular separation [START_REF] Zhao | Calcium alginate hydrogel filtration membrane with excellent anti-fouling property and controlled separation performance[END_REF][START_REF] Zhao | Zwitterionic hydrogel thin films as antifouling surface layers of polyethersulfone ultrafiltration membranes anchored via reactive copolymer additive[END_REF], virus filtration [START_REF] Lu | Improvement of virus removal using ultrafiltration membranes modified with grafted zwitterionic polymer hydrogels[END_REF] or even crude oil emulsion separation [START_REF] Gao | Layer-by-Layer Construction of Cu2+/Alginate Multilayer Modified Ultrafiltration Membrane with Bioinspired Superwetting Property for High-Efficient Crude-Oilin-Water Emulsion Separation[END_REF], 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) [START_REF] La | Bifunctional hydrogel coatings for water purification membranes: Improved fouling resistance and antimicrobial activity[END_REF], polyethersulfone (PES) [START_REF] Peeva | Factors affecting the sieving behavior of anti-fouling thin-layer cross-linked hydrogel polyethersulfone composite ultrafiltration membranes[END_REF], or polyvinylidenefluoride (PVDF) [START_REF] Fu | Highly hydrophilic poly(vinylidene fluoride) ultrafiltration membranes modified by poly(N-acryloyl glycinamide) hydrogel based on multi-hydrogen bond self-assembly for reducing protein fouling[END_REF], 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 [START_REF] La | Bifunctional hydrogel coatings for water purification membranes: Improved fouling resistance and antimicrobial activity[END_REF][START_REF] Sadeghi | A Method for Manufacturing Membranes with Ultrathin Hydrogel Selective Layers for Protein Purification: Interfacially Initiated Free Radical Polymerization (IIFRP)[END_REF] or as stand-alone thick membranes [START_REF] Ju | Preparation and characterization of crosslinked poly(ethylene glycol) diacrylate hydrogels as fouling-resistant membrane coating materials[END_REF][START_REF] Wu | Water uptake, transport and structure characterization in poly(ethylene glycol) diacrylate hydrogels[END_REF]. Ju and colleagues [START_REF] Ju | Preparation and characterization of crosslinked poly(ethylene glycol) diacrylate hydrogels as fouling-resistant membrane coating materials[END_REF] 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 [START_REF] Nemir | PEGDA hydrogels with patterned elasticity: Novel tools for the study of cell response to substrate rigidity[END_REF].

Micron-sized PEGDA/PEG hydrogels are also used for microfluidic filtration applications [START_REF] Lee | Development of macroporous poly(ethylene glycol) hydrogel arrays within microfluidic channels[END_REF][START_REF] Bacchin | Microfluidic Evaporation, Pervaporation, and Osmosis: From Passive Pumping to Solute Concentration[END_REF][START_REF] Decock | In situ photo-patterning of pressure-resistant hydrogel membranes with controlled permeabilities in PEGDA microfluidic channels[END_REF] where small free PEG chains ( ~1000 g.mol -1 ) are added in the prepolymerization mixture in the context of protein crystallization [START_REF] Junius | A microfluidic device for both on-chip dialysis protein crystallization and in situ X-ray diffraction[END_REF]. 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 [START_REF] Decock | In situ photo-patterning of pressure-resistant hydrogel membranes with controlled permeabilities in PEGDA microfluidic channels[END_REF]. 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 [START_REF] Chiu | Generation of porous poly(ethylene glycol) hydrogels by salt leaching[END_REF], or sacrificial particles [START_REF] Turani-I-Belloto | A Sacrificial Route for Soft Porous Polymers Synthesized via Frontal Photo-Polymerization[END_REF] 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 ( =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 ( =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) ( =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 SI 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. [START_REF] Ju | Preparation and characterization of crosslinked poly(ethylene glycol) diacrylate hydrogels as fouling-resistant membrane coating materials[END_REF].

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 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 SI 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 was calculated from the ratio between the force F and the initial sample area S 0 using the relation σ=F/S 0 . The strain ɛ was calculated from the sample thickness in the initial state (h 0 ) and in the compressed state (h) as ɛ =h/h 0 x 100 (%). The effective Young 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 2-4 % in strain, in the loading phase. For all samples, E was calculated from adjusting the stress-strain data at strain 0-4%, 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 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. Permeate flow rate Q was recorded, and the water intrinsic permeability was calculated by the following equation ( 1):

(1)

where 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), is the water viscosity (Pa.s), h

is the hydrogel thickness (m), S is the surface area of the hydrogel membrane (m 2 ) and is the pressure difference across the membrane (Pa). The water flux is calculated from the value of water flow rate according to equation ( 2):

(

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 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 crosslinking. 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 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 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 3 d with a field of view of 20 µm and more precisely in Figure 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 [START_REF] Malo De Molina | Heterogeneity and its Influence on the Properties of Difunctional Poly(ethylene glycol) Hydrogels: Structure and Mechanics[END_REF]. 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 3 (e-f) show micron size heterogeneities consistently with the increase in turbidity observed upon addition of PEG in the PEGDA samples.

When imaging the 0.8 wt% PEG/PEGDA sample with a 5 µm field of view (Figure 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. [START_REF] Malo De Molina | Heterogeneity and its Influence on the Properties of Difunctional Poly(ethylene glycol) Hydrogels: Structure and Mechanics[END_REF] 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 3 f). However, the nanometric voids can no longer be seen on the 5 µm field of view image (Figure 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 20 µm of field of view of PEGDA hydrogel membranes prepared with PEGDA and d) 0 wt%; e) 0.8 wt% and f) 4 wt% of PEG-300 000 g.mol -1 in the prepolymerization mixture. Surface AFM images with 5 µm of field of view of PEGDA hydrogel membranes prepared with PEGDA and g) 0 wt%; h) 0.8 wt% and i) 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 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 modulus value, calculated from the slope of the stress-strain curve at low strain (0-4%), is 1 MPa, which is of the same order of magnitude as the values reported in the literature [START_REF] Lin | Transport and structural characteristics of crosslinked poly (ethylene oxide) rubbers[END_REF][START_REF] Duprat | Microfluidic in situ mechanical testing of photopolymerized gels[END_REF]. The addition of free PEG chains, from 0.4 wt% to 7. the PEG-300 000 g.mol -1 content increases from 0.4 to 4 wt%.

3.3.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 . We plot the water flux J as a function of pressure in Figure 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 using equation [START_REF] Petersen | Composite reverse osmosis and nanofiltration membranes[END_REF]. We find that ~ 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 [START_REF] Ju | Preparation and characterization of crosslinked poly(ethylene glycol) diacrylate hydrogels as fouling-resistant membrane coating materials[END_REF].

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 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 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 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 (1).

As shown in Figure 6 c, the value of the water intrinsic permeability decreases by a factor five when increasing the applied pressure by a factor ~40. We will discuss this effect in Section 4. 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 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 , with C permeate (mg.L -1 ) the concentration in the permeate measured by TOC, V permeate (L) the volume of permeate, PEG (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 Figure 7 b. 

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 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.

These results show that the high molecular weight 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 [START_REF] Choi | Multiplexed Detection of mRNA Using Porosity-Tuned Hydrogel Microparticles[END_REF][START_REF] Courtois | Novel monolithic materials using poly(ethylene glycol) as porogen for protein separation[END_REF][START_REF] Caykara | Macroporous Poly(Acrylamide) Hydrogels: Swelling and Shrinking Behaviors[END_REF]. We may attribute this difference to entanglements between the PEG chains and the PEGDA matrix, that resist to the chain withdrawal.

Figure 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 wt%. Moreover, for all PEG concentrations, we find a non-linear relation between the water flux and the applied pressure. In Figure 8 b, we plot the water permeability calculated at P=100 mbar according to Equation 1. 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. 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 [START_REF] Li | Modeling of relationship between water permeability and microstructure parameters of ceramic membranes[END_REF]. Moreover in the case of a hydrogel, the permeability and kinetics of water transport is known to decrease with the polymer concentration [START_REF] Tokita | Reversible decrease of gel-solvent friction[END_REF]. The permeability of our PEDGA/PEG hydrogels is therefore related to the structure of the hydrogels, which we discuss below.

We observe a maximum in permeability 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 (see SI 4). Note that the same value of C* has been obtained by the following relation (3) [36]: where is the average molecular weight of the polymer, r g is the gyration radius (of the order of 20 nm for PEG-300 000 g.mol -1 ) of polymer coils and N A is Avogadro number: N A = 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. 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 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 polymer-solvent friction, similarly to the work reported by Fujiki et al. [START_REF] Fujiki | Friction coefficient of well-defined hydrogel networks[END_REF] who evidenced that the friction coefficient f -corresponding to in our study-is governed by the polymer concentration.

Non-linear variation of the flow rate-pressure curve

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. [START_REF] Vervoort | Solvent release from highly swollen gels under compression[END_REF]. 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. In Figure 9, we plot the relative variation of permeability, [ max ]/ max , where max is the maximum intrinsic permeability obtained at low applied pressure (i.e. P=2000 Pa), 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 . From the permeability variations reported in Figure 9 we can estimate the range of pore-size variation to be depending on the applied pressure and PEG content in the hydrogel.

The pore compression can also be estimated from the effective Young's modulus E and the pressure as

, with  the effective Poisson's ratio (see details in SI 5). We take =0.2 according to Cappello et al. who measured the Poisson's ratio of PEGDA/ PEG-1000 g.mol -1 hydrogels [START_REF] Cappello | Microfluidic In-Situ Measurement of Poisson's Ratio of Hydrogels[END_REF].

For a pressure of the order of 10 4 Pa and taking E 0.1 to 1 MPa, we find a pore variation of 0.02 to 0.2 which is, given the rough scaling approach used here, in reasonable agreement with the values of 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.

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 SI 1a, 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 SI 1b. 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 crosslinked 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 SI 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 SI 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.

Shear rheology measurements

The viscoelastic properties of a series of PEGDA/PEG hydrogel membranes were investigated by oscillatory measurements on a TA-DH3 rheometer instrument equipped with a plate-plate geometry (diameter: 20 mm) and solvent trap. A strain sweep test was conducted under an angular frequency of 6.27 rad. s -1 . The initial axial force F 0 applied is 0.4 N. The results represented in Figure SI 3 a show the variation of the shear modulus as a function of the oscillation strain for the hydrogels membranes prepared with various PEG-300 000 g.mol -1 content.

In the linear viscoelastic regime, the shear modulus G' is independent of the oscillation deformation, so that a plateau is obtained. On the other hand, the decrease in the value of the shear modulus at high strain signifies the transition to the non-linear regime. As soon as we increase the PEG content in the hydrogel membrane, the linear regime is more extended.

The value of shear modulus G' obtained at the plateau as a function of the PEG-300 000 

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 . The ensemble has an effective Young's modulus where is the volume fraction of liquid (or of pores), and where is the total volume. We also introduce an effective Poisson's ratio  <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 , where dV is the variation of the total volume. The two modules are linked by the law .

However, one has since V o is constant due to the presumed incompressibility of the matrix. Thus, = =

. Finally, one needs to have an expression for In a work by Style et al. [START_REF] Style | Erratum: Stiffening solids with liquid inclusions[END_REF] 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 is of the order of E 0 , whatever the elastocapillary ratio with the solid-liquid surface tension. Hence, modeling liquid pores as these inclusions, one gets in fine: as a reasonable approximation.

Figure 1 :

 1 Figure 1 : Representative schematic of the filtration experiments using an ultrafiltration stirred cell.

Figure 2 :

 2 Figure 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.

Figure 3 :

 3 Figure 3 : Photographs 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.Surface AFM images with 20 µm of field of view of PEGDA hydrogel membranes prepared with PEGDA and d) 0 wt%; e) 0.8 wt% and f) 4 wt% of PEG-300 000 g.mol -1 in the prepolymerization mixture. Surface AFM images with 5 µm of field of view of PEGDA hydrogel membranes prepared with PEGDA and g) 0 wt%; h) 0.8 wt% and i) 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 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 4 b.

Figure 4 :

 4 Figure 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 modulus as a function of PEG-300 000 g.mol -1 content.

Figure 5

 5 Figure5shows the results of the water filtration experiments through a hydrogel membrane

Figure 5 :

 5 Figure 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 6 :

 6 Figure 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. The dashed lines are represented as guides for the eyes.

Figure 7 :

 7 Figure 7 : a) Variation of the water flux for PEGDA hydrogel membranes 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 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 8 :

 8 Figure 8 : 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. The dashed lines are guides for the eyes.

Figure 9 :

 9 Figure 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%.

  g.mol -1 content is represented in Figure SI 3 b. The addition of free PEG chains, from 0.4 wt% to 4 wt% decreases the shear modulus values from 0.06 MPa to 0.014 MPa, respectively.

Figure SI 3

 3 Figure SI 3: a) Variation of shear modulus as a function of oscillation strain at F 0 =0.4 N for the various PEG-300 000 g.mol -1 content. b) Variation of shear modulus as a function of the various PEG-300 000 g.mol -1 content.

Figure SI 4 :

 4 Figure SI 4: The variation of the viscosity as a function of various PEG-300 000 g.mol -1 concentration.
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Supporting Information

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 (S1):

(S1)

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):

(S2)

where Ws is the weight of the swollen hydrogel.