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Biomimetic forward osmosis membranes with a polyamide-based active layer containing polymersomes incorporating aquaporins were exposed to various free chlorine doses (free chlorine concentration x exposure time) and pH. Membrane chlorination was found to decrease the apolar/polar balance of the membrane surface energy and to increase its negative surface charge density. A substantial modification of the hydrogen-bond network in the membrane active layer was also highlighted. The separation performance of biomimetic membranes was also impacted by chlorine-induced chemical ageing. For the lowest free chlorine doses (100 ppm.h), the reverse salt flux was found to increase with respect to the pristine membrane while the water flux dropped by 10-20 %. For higher free chlorine doses (1000 and 10000 ppm.h), both the reverse salt flux and the water flux were found higher than for the pristine membrane. These behaviors were explained by the combination of several mechanisms with possible antagonist effects, namely a reduced internal concentration polarization due to ageing of the membrane support material, and modifications of the J o u r n a l P r e -p r o o f hydrogen-bond network and surface charge density of the membrane active layer. Although the degradation caused by sodium hypochlorite increased the draw-solute loss per unit of water passed, the biomimetic membranes maintained their rejection ability towards naproxen and diclofenac as rejections higher than 95.9 % were measured irrespective of the ageing conditions.

Introduction

Freshwater is essential to human life and the functioning of any terrestrial ecosystem.

However, the world's drinking water resource is becoming increasingly scarce as human activities release increasing amounts of organic and mineral pollutants that are not properly disposed of.

Membrane separation processes are already recognized worldwide as promising tools for solving some of the major problems of our modern societies in a process intensification strategy [START_REF] Drioli | Membrane engineering in process intensification-An overview[END_REF]. Forward osmosis (FO) is an emerging membrane process based on natural osmosis, i.e. the spontaneous diffusion of water through a semipermeable membrane [START_REF] Cath | Forward osmosis: Principles, applications, and recent developments[END_REF][START_REF] Tang | Biomimetic aquaporin membranes coming of age[END_REF].

Water diffusion occurs from a dilute feed solution to a concentrated draw solution (with a higher osmotic pressure than the feed solution) [START_REF] Kim | Experimental Study of a 4040 Spiral-Wound Forward-Osmosis Membrane Module[END_REF]. FO has gained attention in recent years as a promising process capable of (i) handling heavily impaired water sources and (ii) concentrating solutions with a high fouling potential as it does not use any transmembrane hydraulic pressure difference [START_REF] D'haese | Trace organic solutes in closed-loop forward osmosis applications: Influence of membrane fouling and modeling of solute build-up[END_REF]. It has been proved efficient for liquid food concentration [START_REF] Sant'anna | Membrane concentration of liquid foods by forward osmosis: Process and quality view[END_REF][START_REF] Chen | The application of forward osmosis to dairy processing[END_REF], wastewater reclamation [START_REF] Alturki | Performance of a novel osmotic membrane bioreactor (OMBR) system: Flux stability and removal of trace organics[END_REF][START_REF] Zhang | Membrane biofouling and scaling in forward osmosis membrane bioreactor[END_REF], trace organic compounds removal [START_REF] Kong | Rejection of pharmaceuticals during forward osmosis and prediction by using the solution-diffusion model[END_REF][START_REF] Jang | Relating solute properties of contaminants of emerging concern and their rejection by forward osmosis membrane[END_REF][START_REF] Lee | Removal and transport behavior of trace organic compounds and degradation byproducts in forward osmosis process: Effects of operation conditions and membrane properties[END_REF][START_REF] Hancock | Comprehensive Bench-and Pilot-Scale Investigation of Trace Organic Compounds Rejection by Forward Osmosis[END_REF][START_REF] Madsen | Use of biomimetic forward osmosis membrane for trace organics removal[END_REF], etc.

Currently, commercially available FO membranes are cellulose triacetate (CTA) membranes, polyamide (PA) thin-film composite membranes and biomimetic membranes with aquaporin (AQP) proteins incorporated into a PA-based selective layer [START_REF] Xu | Effect of Molecular Configuration of Additives on the Membrane Structure and Water Transport Performance for Forward Osmosis[END_REF][START_REF] Nguyen | The chlorination mechanism of integrally asymmetric cellulose triacetate (CTA)-based and thin film composite polyamide-based forward osmosis membrane[END_REF][START_REF] Xia | Novel Commercial Aquaporin Flat-Sheet Membrane for Forward Osmosis[END_REF][START_REF] Chun | Prototype aquaporin-based forward osmosis membrane: Filtration properties and fouling resistance[END_REF]. AQPs facilitate water diffusion while being extremely selective by preventing the passage of almost all other species [START_REF] Kumar | Highly permeable polymeric membranes based on the incorporation of the functional water channel protein Aquaporin Z[END_REF][START_REF] Zhao | Synthesis of robust and high-performance aquaporin-based biomimetic membranes by interfacial polymerization-membrane preparation and RO performance characterization[END_REF][START_REF] Li | Aquaporin based biomimetic membrane in forward osmosis: Chemical cleaning resistance and practical operation[END_REF]. The application of AQP-based membranes has shown promising results in various applications [START_REF] Tang | Biomimetic aquaporin membranes coming of age[END_REF][START_REF] Tang | Desalination by biomimetic aquaporin membranes: Review of status and prospects[END_REF].

Despite the growing interest in the FO process, there are very few studies devoted to the effect of chemical cleaning or exposure of FO membranes to residual oxidizing agents (e.g. incomplete dechlorination that might occasionally occur in water and wastewater treatment) on their physicochemical properties and separation performance. Nguyen et al. studied the change in performance (water flux and reverse salt flux) and properties of asymmetric CTA and thin-film composite PA membranes resulting from exposure to chlorine under acidic and alkaline conditions [START_REF] Nguyen | The chlorination mechanism of integrally asymmetric cellulose triacetate (CTA)-based and thin film composite polyamide-based forward osmosis membrane[END_REF]. They found that the chlorination of PA-based membranes was greater than that of CTA-based membranes. Li et al investigated the impact of various cleaning agents (hydrochloric acid, sodium hypochlorite, disodium ethylenediaminetetraacetic acid, sodium dodecyl sulfate and Alconox) on the performance of a biomimetic membrane J o u r n a l P r e -p r o o f with AQP-liposomes incorporated into a PA active layer [START_REF] Li | Aquaporin based biomimetic membrane in forward osmosis: Chemical cleaning resistance and practical operation[END_REF]. They observed an increase in the water flux along with a rather stable rejection of the salt contained in the draw solution after chemical cleaning and concluded that proper chemical cleaning of AQP membranes might be beneficial before use. It should be noted, however, that only a few works reported on the impact of chemical cleaning on the rejection of target solutes contained in the feed solution [START_REF] Xie | Trace organic contaminant rejection by aquaporin forward osmosis membrane: Transport mechanisms and membrane stability[END_REF].

The aim of this work was to assess the chemical resistance of a new class of FO biomimetic membranes with AQP-polymersomes into a PA-based active layer [START_REF] Górecki | Improved reverse osmosis thin film composite biomimetic membranes by incorporation of J o u r n a l P r e -p r o o f polymersomes[END_REF]. The main advantages of polymersomes over liposomes are their better physical and chemical stability as well as the possibility of introducing functional groups for covalent bonding to the PA active layer [START_REF] Górecki | Improved reverse osmosis thin film composite biomimetic membranes by incorporation of J o u r n a l P r e -p r o o f polymersomes[END_REF].

AQP membranes were exposed to sodium hypochlorite solutions of various concentrations (1-1000 ppm), under acidic (pH 5) and alkaline (pH 9) conditions, and for different times (10 and 100 h). A thorough membrane characterization was carried out in order to gain insight into the impact of chemical cleaning on their surface properties. Modifications of the latter were then correlated with variations of membrane separation performance, focusing on the water flux, the reverse salt flux but also on the rejection of non-steroidal anti-inflammatory drugs (diclofenac and naproxen).

Materials and methods

Membranes

Flat-sheet biomimetic membranes were provided by Aquaporin A/S (Kgs. Lyngby, Denmark). These were thin-film composite membranes with a polyethersulfone (PES) porous support material covered by a PA active layer incorporating AQP-polymersomes [START_REF] Valverde-Pérez | Dewatering methanotrophic enrichments intended for single cell protein production using biomimetic aquaporin forward osmosis membranes[END_REF]. The experimental protocol for the development of these AQP membranes was described by Górecki et al. [START_REF] Górecki | Improved reverse osmosis thin film composite biomimetic membranes by incorporation of J o u r n a l P r e -p r o o f polymersomes[END_REF]. Briefly, polymersomes incorporating Aquaporin Z proteins are prepared from a mixture of diblock and triblock amphiphilic copolymers, poly According to Górecki et al., the addition of the amino-modified PDMS during reconstitution of the AQP-polymersomes allows for covalent bonding of the vesicles to the PA chains [START_REF] Górecki | Improved reverse osmosis thin film composite biomimetic membranes by incorporation of J o u r n a l P r e -p r o o f polymersomes[END_REF].

Membrane ageing

Static ageing experiments were performed by soaking the AQP membranes in sodium hypochlorite (NaOCl) solutions of various total free chlorine concentrations (from 1 to 1000 ppm) at two different pH (5 and 9) for exposure times ranging from 10 to 100 hours.

Hypochlorite solutions used for ageing experiments were prepared from dilution of a commercial bleach solution (La Croix, Fr -96 000 ppm NaOCl). Their pH was adjusted with 0.1 mol L -1 HCl and NaOH solutions of analytical grade. Ageing experiments were performed at room temperature (22  1 °C). Membrane samples were further rinsed thoroughly with deionized (DI) water to remove any traces of bleach solution or possible polymer degradation products and were further stored in DI water at 4°C prior to use.

Membrane characterization

Zeta Potential

A SurPass 3 electrokinetic analyzer (Anton Paar Gmbh, Graz, Austria), equipped with Ag/AgCl electrodes and an adjustable-gap cell, was used to measure tangential streaming current. Tangential measurements avoid some issues that may be encountered with transversal measurements when applied to composite membranes with ionic retention properties [START_REF] Szymczyk | Streaming potential through multilayer membranes[END_REF][START_REF] Fievet | Analysis of the pressure-induced potential arising across selective multilayer membranes[END_REF].

The streaming current technique was preferred over the streaming potential to avoid any potential contribution of the electrical conduction through the membrane support material [START_REF] Fievet | A New Tangential Streaming Potential Setup for the Electrokinetic Characterization of Tubular Membranes[END_REF][START_REF] Szymczyk | Advanced electrokinetic characterization of composite porous membranes[END_REF]. The distance between the membrane samples was set to 100  5 m. All electrokinetic measurements were conducted at room temperature with 0.001 mol L -1 KCl background solutions in the pH range 3-9 (the pH was adjusted with 0.1 mol L -1 HCl and KOH solutions). All measurements were duplicated. The membrane zeta potential () was determined from the streaming current (I s ) measurements by means of the equation:

J o u r n a l P r e -p r o o f     L P Wh I r ch s   0 (1)
where L and W are the length and the width of the membrane samples, respectively, h ch is the distance between the two membrane samples in the adjustable-gap cell, ∆P is the pressure difference, ε 0 is the vacuum permittivity, ε r is the dielectric constant of the background solution and η its dynamic viscosity.

FTIR-ATR

FTIR-ATR spectroscopy was carried out with a Spectrum 100 Fourier Transform Infrared Spectrometer (Perkin Elmer) equipped with a single-reflection diamond crystal ATR element.

Each spectrum was obtained from 20 scans.

Contact angle

A GBX-DS apparatus was used to measure contact angles (sessile drop method). At least 10 equilibrium contact angles were determined for each membrane. The apolar ( ), electron acceptor ( ) and electron donor ( ) components of the surface tension of new and aged AQP membranes were determined from the Good -Van Oss theory [START_REF] Van Oss | Interfacial Lifshitz-van der Waals and polar interactions in macroscopic systems[END_REF]: 

( ) (√ √ √ ) (2) 

X-ray photoelectron spectroscopy (XPS)

XPS analyses were performed with a Kratos Analytical spectrometer (Shimadzu) with the monochromatic Al Kα radiation as an X-ray excitation source (1486 eV). The membrane samples were kept overnight under a high vacuum prior to measurements. The XPS data were post-processed using the CasaXPS software.

Scanning electron microscopy (SEM)

A JEOL JDM 7100F high-resolution field-emission scanning electron microscope was used to investigate membrane morphology. Samples were coated with an Au/Pd alloy before analysis.

Atomic force microscopy (AFM)

AFM analyses were performed with a Nanoscope III atomic force microscopy set-up (Bruker, France). The membrane samples were imaged in contact mode in air with a scan rate of 1 Hz and 400×400-pixel resolution, using cantilevers with a spring constant of 0.2 N•m -1 and a resonant frequency of 13 kHz. The scanning area was 10μm×10μm. The image analysis was carried out with the SPMLab602 software from Brucker (France).

Membrane performance in FO experiments

The laboratory scale experimental setup used to carry out FO experiments is described in Fig.

1

. The membrane sample (3 x 2 cm 2 ) was hosted in a cross-flow cell. Two peristaltic pumps were used to circulate the feed and draw solutions (counter-current; flow rate: 12.5 mL.min -1 ).

J o u r n a l P r e -p r o o f

Experiments were performed in a batch configuration with 250 mL (initial volumes) of feed and draw solutions. An electronic scale and a conductivity meter were used to monitor the mass and conductivity of the feed solution. The water flux (J w ) through the membrane was calculated as:

J o u r n a l P r e -p r o o f

where m fs and  fs are the mass and the density of the feed solution, respectively, t is the time and A is the membrane surface area.

The reverse salt flux (J s ) was determined by monitoring the increase in NaCl concentration in the feed solution as a function of time and Eq. ( 4):

( ) (4) 
where is the sodium chloride concentration in the feed solution (determined from conductivity measurements) and V fs is the feed solution volume.

Finally, the rejection of a pharmaceutical compound i (R i ) was calculated as suggested by Kedwell et al. in order to account for that in batch FO experiments the draw solution continuously dilutes the solutes transported from the feed solution [START_REF] Kedwell | Effect of reverse sodium flux and pH on ammoniacal nitrogen transport through biomimetic membranes[END_REF]:

( ) (5) 
with the concentration of the pharmaceutical solute i (naproxen or diclofenac) in the feed solution and j i its molar flux that was determined using the following equation [START_REF] Kedwell | Effect of reverse sodium flux and pH on ammoniacal nitrogen transport through biomimetic membranes[END_REF]:

Equations ( 5) and ( 6) allow computing a rejection coefficient that is independent of the dilution effect of the draw solution.

The concentrations of naproxen and diclofenac (samples were collected every 30 min) were determined by HPLC (Waters W2690/5) equipped with a UV detector (fixed wavelength: 230 nm for naproxen and 277 nm for diclofenac). Analyses were performed at 20 ± 1°C with a 3.5 m, 50 x 4.6 mm XBridge® C18 column (Milford, USA) and a mixture of water and J o u r n a l P r e -p r o o f acetonitrile with 0.1% (v/v) formic acid (HPLC grade, VWR, USA) as eluent (gradient mode; 0-10 min: 40% acetonitrile, 10-12 min: 60% acetonitrile, 12-14 min: 40% acetonitrile).

Results and discussion

3.1 Surface characterization Fig. 2 shows the pH dependence of the zeta potential for the AQP membranes active layers before and after exposure to sodium hypochlorite at pH 5 and 9. The pristine AQP membrane exhibited the usual electrokinetic features of PA-based membranes [START_REF] Idil Mouhoumed | Physico-chemical characterization of polyamide NF/RO membranes: Insight from streaming current measurements[END_REF]. The isoelectric point was found close to pH 3 and the membrane was then negatively charged over a wide range of pH. The sharp decrease in the zeta potential in the pH range 3-5 followed by a gradual levelling off is typical of the ionization process of surfaces bearing functional groups with weak acid properties. PA-based membranes indeed bear carboxylic acid groups due to hydrolysis of unreacted TMC residues after the interfacial polymerization process [START_REF] Freger | Mathematical model of charge and density distributions in interfacial polymerization of thin films[END_REF][START_REF] Zhu | On the salt rejection properties of nanofiltration polyamide membranes formed by interfacial polymerization[END_REF]. A greater negative charge density was determined for membranes exposed to sodium hypochlorite, the impact on the membrane charge being more significant for membranes aged at pH 9. It is well-established that PA membranes with secondary amide groups undergo an N-chlorination reaction (i.e. -CON(H)-is converted into -CON(Cl)-) when brought into contact with sodium hypochlorite [START_REF] Kwon | Hypochlorite degradation of crosslinked polyamide membranesII. Changes in hydrogen bonding behavior and performance[END_REF][START_REF] Gohil | Chlorine attack on reverse osmosis membranes: Mechanisms and mitigation strategies[END_REF][START_REF] Verbeke | Chlorine-resistance of reverse osmosis (RO) polyamide membranes[END_REF] (see Fig. S1 in the Supporting Information).

However, the substitution of the amidic hydrogen by chlorine weakens the C-N bond, which makes chlorinated amides more prone to hydrolysis leading to the formation of carboxylic acids (see Fig. S1 in the Supporting Information). Hydrolysis of chlorinated amides being favored in an alkaline environment [START_REF] Verbeke | Chlorine-resistance of reverse osmosis (RO) polyamide membranes[END_REF], the electrokinetic charge density of membranes exposed to sodium hypochlorite at pH 9 is then expected to be more negative compared to that of membranes aged at pH 5. This argument is supported by the results shown in Fig. 2. It must be stressed, however, that additional physicochemical processes attributable to chlorine exposure also impact the membrane charge density, as it will be discussed hereafter.

J o u r n a l P r e -p r o o f all aged membranes, rising from 5.9 mJ.m -2 for the new AQP membrane up to 39.5 mJ.m -2 for the membrane aged in a 10 ppm NaOCl solution at pH 5 for 10 h. Overall, the increase in was greater for membranes aged at pH 5, which is the opposite of the trend observed for the evolution of zeta potentials (Fig. 2). It is important to note, however, that there is no contradiction between both techniques as the zeta potential of a surface is rarely directly related to the acid-base component of the surface energy [START_REF] Van Oss | Interfacial Lifshitz-van der Waals and polar interactions in macroscopic systems[END_REF]. Indeed, even though carboxylic acid groups contribute to , this latter derives from electron donor functionality present throughout the polymer structure [START_REF] Subramani | Direct observation of initial microbial deposition onto reverse osmosis and nanofiltration membranes[END_REF]. The greater strengthening of the Lewis base character J o u r n a l P r e -p r o o f

of membranes aged at pH 5 most probably results from the binding of chlorine (which has lone electron pairs) since the N-chlorination reaction is more favored at pH 5 than at pH 9 [START_REF] Verbeke | Chlorine-resistance of reverse osmosis (RO) polyamide membranes[END_REF].

In contrast to , the electron acceptor component of the membrane surface tension ( ) decreased with ageing, even though the variations of were much less than those of . The The modification of the HB network in AQP membranes can be confirmed by FTIR-ATR spectroscopy. For instance, the amide I band (located around 1660 cm -1 [START_REF] Kwon | Hypochlorite degradation of crosslinked polyamide membranesII. Changes in hydrogen bonding behavior and performance[END_REF]), corresponding mainly to the stretching of the carbonyl group (C=O) of the amide function, is expected to be shifted towards higher wavenumbers as a result of N-chlorination [START_REF] Kwon | Hypochlorite degradation of crosslinked polyamide membranesII. Changes in hydrogen bonding behavior and performance[END_REF]. It was not possible, J o u r n a l P r e -p r o o f however, to analyze the shift of the amide I band of the AQP membranes because it overlapped with a band from the membrane support material. Indeed, the penetration depth of the IR beam (µm range) is more than the thickness of active layers obtained by interfacial polymerization (100 nm range), so the FTIR-ATR spectrum obtained by characterizing the active layer includes bands of both the active layer and the membrane support material [START_REF] Kwon | Hypochlorite degradation of crosslinked polyamide membranesII. Changes in hydrogen bonding behavior and performance[END_REF].

This band detected around 1668 cm -1 (see Fig. 4) for the membrane support material does not belong to PES and therefore it indicates the presence of an additive. It was associated with the vibration of the C=O bond of polyvinylpyrrolidone (PVP), which is a widely-used poreforming additive in the PES membranes synthesis [START_REF] Wienk | Chemical treatment of membranes of a polymer blend: Mechanism of the reaction of hypochlorite with poly(vinyl pyrrolidone)[END_REF][START_REF] Hanafi | Degradation of Poly(Ether Sulfone)/Polyvinylpyrrolidone Membranes by Sodium Hypochlorite: Insight from Advanced Electrokinetic Characterizations[END_REF]. as N a and N b . After chlorination of N a , the HB bond Cl-N a -----H-N b is weakened due to the significant electronegativity of the chlorine atom, thus making the bending of C-N b -H easier and the associated band to shift to lower wavenumbers. The redshift of the amide II was found to be more important for membranes aged at pH 5 (as mentioned above, the N-chlorination reaction is enhanced at pH 5 [START_REF] Verbeke | Chlorine-resistance of reverse osmosis (RO) polyamide membranes[END_REF]). For membranes aged at pH 9, the amount of HBs broken by N-chlorination was not high enough to produce a significant shift of the amide II band.

Additional ageing experiments were carried out at pH 9 under more severe conditions (100 and 1000 ppm for 10 h). They allowed highlighting the redshift of the amide II band, which reached 10 cm -1 for the AQP membrane exposed to the highest free chlorine dose (free chlorine concentration x exposure time), i.e. 10000 ppm.h (see Fig. 5). A strong perturbation of the HB network within the membranes is also likely to impact the membrane charge density. This is illustrated in Fig. 6 which shows the zeta potential of AQP membranes active layers aged at pH 9 for the various conditions shown in Fig. 5 (the zeta potential of the membrane before ageing is also displayed as reference ). Results reported in Fig. 6 were obtained at pH 5.6 (pH of the measuring solution: 1 mM KCl solution), i.e. the pH at which the FO experiments were performed (see section 2.4). The zeta potential was found

J o u r n a l P r e -p r o o f

to vary in a non-monotonous way with membrane ageing. For low sodium hypochlorite concentrations or free chlorine doses, the membranes were found to be significantly more negatively charged than the pristine membrane. It is worth noting that almost similar zeta potentials were obtained with membranes aged in both 1 and 10 ppm sodium hypochlorite solutions. This might be because the time exposure was set inversely to the concentration for these two ageing experiments, so that the chlorine dose was identical for both ageing conditions (100 ppm.h). Measuring solution: 1 mM KCl, pH = 5.6.

For harsher ageing conditions (100 and 1000 ppm corresponding to free chlorine doses of 1000 and 10000 ppm.h, respectively), the AQP membranes were found to be less negatively charged, which can be explained by the impact of chlorination on the hydrogen bond network in the membrane active layer. As discussed above, chlorination of secondary amide groups suppresses some HBs between the PA chains. Among the different types of HBs within the membrane, those forming between the amidic hydrogen and the oxygen atom of the hydroxyl group of carboxylic acids (originating from either the hydrolysis of unreacted acyl chloride J o u r n a l P r e -p r o o f groups after the interfacial polymerization reaction or the hydrolysis of chlorinated amides after exposure to sodium hypochlorite) are likely to have a substantial impact on the membrane zeta potential. Indeed, this kind of HBs weakens the OH bond of carboxylic acid (see Fig. S4 in the Supporting Information). The latter therefore becomes stronger after Nchlorination, which makes it more difficult for the carboxylic acid group to be deprotonated.

This mechanism therefore tends to make the charge density of the membrane less negative.

The interplay of the breakage of these HBs and the hydrolysis of the amide functions explains the non-monotonous evolution of the zeta potential with the progression of membrane ageing by sodium hypochlorite.

FO performance

FO experiments were performed with a feed solution containing a mixture of naproxen and diclofenac (10 mg/L of each organic) and a 1 M NaCl solution as a draw solution. The reverse salt flux (J s new ) and the water flux (J w new ) of the pristine membrane were found to be 3.5 g.m - 2 .h -1 and 8.4 L.m -2 .h -1 , respectively. The corresponding specific reverse solute flux J s new / J w new (i.e. the amount of draw-solute loss per unit of water passed) was then equal to 0.4 g.L -1 , which is similar to values reported in the literature for commercial AQP membranes with the same draw solution [START_REF] Xia | Novel Commercial Aquaporin Flat-Sheet Membrane for Forward Osmosis[END_REF].

Fig. 7 shows the normalized reverse salt flux (J s / J s new ) and normalized water flux (J w / J w new )

for aged AQP membranes. Two distinct behaviors can be distinguished. For the lowest free chlorine doses (i.e. 100 ppm.h), the reverse salt flux increased with respect to the pristine membrane while the water flux dropped by 10-20 %. On the other hand, at higher free chlorine doses (1000 and 10000 ppm.h), both J s and J w exceeded the reference values of the pristine membrane.

J o u r n a l P r e -p r o o f The decrease in J w observed at relatively low free chlorine doses (100 ppm.h) might have several origins. First, one might think of aquaporin denaturation as a result of oxidation by sodium hypochlorite. While we cannot exclude this scenario, it should be pointed out that the drop of J w was in the range of 10-20% while it was shown, for similar membranes, that the incorporation of AQP-polymersomes in the PA layer was responsible for an increase of water permeability by more than 50% under reverse osmosis conditions [START_REF] Górecki | Improved reverse osmosis thin film composite biomimetic membranes by incorporation of J o u r n a l P r e -p r o o f polymersomes[END_REF]. It would also not explain the significant increase in J s . It is worth noting that the block copolymers that form the polymersomes incorporating the aquaporins are covalently bonded to the PA backbone thanks to amine terminal groups [START_REF] Górecki | Improved reverse osmosis thin film composite biomimetic membranes by incorporation of J o u r n a l P r e -p r o o f polymersomes[END_REF] that can react with TMC monomers during the interfacial polymerization process. Furthermore, these polymersomes contain tertiary amide groups that cannot undergo N-chlorination [START_REF] Kawaguchi | Chlorine-resistant membrane for reverse osmosis. I. Correlation between chemical structures and chlorine resistance of polyamides[END_REF][START_REF] Soice | Oxidative degradation of polyamide reverse osmosis membranes: Studies of molecular model compounds and selected membranes[END_REF]. It was not possible to detect polymersomes directly in the membrane active layers by SEM (see Fig. S5 in the Supporting Information), presumably due to the low loading of the polymersomes. However, the presence of polymersomes was demonstrated by XPS since silicon, coming from the PMOXA-PDMS J o u r n a l P r e -p r o o f and PMOXA-PDMS-PMOXA blocks, was detected (see Figs. S6 and S7 in the Supporting Information). A similar amount of silicon was found for all the AQP membranes (atomic percentage: 0.24 ± 0.04 %), thus confirming that the polymersomes incorporating aquaporins were not released from the membranes after exposure to sodium hypochlorite. Besides, it must be stressed that a decrease in J w along with an increase in J s was also reported after the exposure to sodium hypochlorite of a commercial PA-based FO membrane containing no aquaporins [START_REF] Nguyen | The chlorination mechanism of integrally asymmetric cellulose triacetate (CTA)-based and thin film composite polyamide-based forward osmosis membrane[END_REF].

As discussed in Section 3.1, the N-chlorination process disrupts the HB network in the membrane. It can be envisaged that the breakage of a limited number of HB bonds could make the PA layer somewhat more compactable, which might lead to a decrease in J w . It should be accompanied, however, by an increase in the resistance to salt transfer [START_REF] Nguyen | The chlorination mechanism of integrally asymmetric cellulose triacetate (CTA)-based and thin film composite polyamide-based forward osmosis membrane[END_REF] contrary to what was observed in this work. AFM revealed morphological changes after exposure to sodium hypochlorite resulting in smoother active layers (see Table 3 as well as Fig. S8 in the Supporting Information). The decrease in membrane roughness after ageing is associated with a smaller effective surface area in contact with the feed solution, which contributes to the decrease in J w . Table 3. Average roughness (R avg ) of the AQP membranes active layers before and after exposure to NaOCl.

Pristine

The substantial increase in the negative membrane charge density highlighted by electrokinetic measurement (Figs. 2 and6) might also play a role in the decrease of J w as water molecule dynamics is decreased in charged (sub)nanometric pores compared to their uncharged counterparts as revealed by molecular dynamics simulations [START_REF] Renou | Water confinement in nanoporous silica materials[END_REF]. Still, it does not explain the increases in J s as salt rejection is expected to increase with the membrane charge density [START_REF] Fievet | Analysis of the pressure-induced potential arising across selective multilayer membranes[END_REF].

The membrane support material is also likely to be degraded by sodium hypochlorite.

Notably, the PVP additive is highly sensitive to sodium hypochlorite [START_REF] Wienk | Chemical treatment of membranes of a polymer blend: Mechanism of the reaction of hypochlorite with poly(vinyl pyrrolidone)[END_REF][START_REF] Hanafi | Degradation of Poly(Ether Sulfone)/Polyvinylpyrrolidone Membranes by Sodium Hypochlorite: Insight from Advanced Electrokinetic Characterizations[END_REF][START_REF] Pellegrin | Multi-scale analysis of hypochlorite induced PES/PVP ultrafiltration membranes degradation[END_REF][START_REF] Rabiller-Baudry | Evidencing the chemical degradation of a hydrophilised PES ultrafiltration membrane despite protein fouling[END_REF][START_REF] Prulho | Ageing of polyethersulfone/polyvinylpyrrolidone blends in contact with bleach water[END_REF][START_REF] Hanafi | Electrokinetic analysis of PES/PVP membranes aged by sodium hypochlorite solutions at different pH[END_REF] and partly released from the membrane after degradation [START_REF] Hanafi | Electrokinetic analysis of PES/PVP membranes aged by sodium hypochlorite solutions at different pH[END_REF][START_REF] Kourde-Hanafi | Influence of PVP content on degradation of PES/PVP membranes: Insights from characterization of membranes with controlled composition[END_REF], leading to an increase of the J o u r n a l P r e -p r o o f membrane support material porosity. Fig. 8 shows the pH dependence of the zeta potential of the membrane support layers before and after exposure to sodium hypochlorite. More negative zeta potentials and a shift of the support-layer isoelectric point towards lower pH were observed. These results are in line with reported studies on chemical ageing of PES/PVP membranes by sodium hypochlorite [START_REF] Hanafi | Degradation of Poly(Ether Sulfone)/Polyvinylpyrrolidone Membranes by Sodium Hypochlorite: Insight from Advanced Electrokinetic Characterizations[END_REF][START_REF] Hanafi | Electrokinetic analysis of PES/PVP membranes aged by sodium hypochlorite solutions at different pH[END_REF] and confirm that the surface properties of the support layer of the AQP membranes were modified irrespective of the ageing conditions. The partial release of PVP from the PES network therefore resulted in an increase in the effective porosity of the aged membrane supports [START_REF] Pellegrin | Filtration performance and pore size distribution of hypochlorite aged PES/PVP ultrafiltration membranes[END_REF]. In FO, the internal concentration polarization (ICP) occurring within the membrane support material acts as an unstirred layer to hinder solute diffusion [START_REF] She | Membrane fouling in osmotically driven membrane processes: A review[END_REF]. Consequently, even a slight increase in the membrane support porosity is likely to reduce ICP (by reducing the resistance of the support to salt diffusion), which in turn increases the salt concentration difference through the membrane active layer, J o u r n a l P r e -p r o o f

i.e. the driving force for salt diffusion towards the feed solution. However, even though the reduction of ICP within the membrane support could explain the rise of J s , it would also increase the osmotic pressure difference through the membrane active layer and so the water flux. ICP itself thus cannot explain our findings at low free chlorine doses and most likely an interplay of the various mechanisms discussed above occurred during ageing.

Figure 9. Ratio of band heights detected at 1668 cm -1 and 1239 cm -1 by FTIR-ATR spectroscopy for membrane supports before and after exposure to NaOCl.

For higher free chlorine doses (1000 and 10000 ppm.h), both J s and J w increased for aged AQP membranes with respect to the pristine one (Fig. 7). As discussed in Section 3.1, under severe ageing conditions, chlorination of the secondary amide groups suppresses a substantial amount of HBs between the PA chains. That provides the PA chains with more degrees of freedom, which makes the active layer more permeable to both water molecules and ions. The disruption of the HB network within the active layer, the decrease of the membrane charge density (with respect to lower free chlorine doses; see Fig. 6) along with the even more reduced ICP within the support material (as a result of the greater PVP release from the J o u r n a l P r e -p r o o f membrane support as shown in Fig. 9) explain the results reported in Fig. 7 at high free chlorine doses.

Interestingly, exposure to sodium hypochlorite and the resulting substantial physicochemical changes in the surface properties of the AQP membranes (see Section 3.1) had little effect on their ability to reject pharmaceutical compounds contained in the feed solution, whatever the pH of the sodium hypochlorite solution used in ageing experiments (see Fig. 10). Indeed, the rejections of naproxen and diclofenac were as high as 97.6 and 98.4 %, respectively, with the pristine AQP membrane and they remained higher than 95.9 % for the aged membranes, whatever the ageing conditions. These results indicate that the membrane active layer remained dense after ageing. The strong negative charge density of AQP membranes also contributed to the high rejection of diclofenac and naproxen as both of them were negatively charged at the pH of FO experiments (pK a = 4.15, see Table 2). To conclude, although exposure to sodium hypochlorite was found to have a detrimental effect on the amount of draw-solute loss per unit of water passed (J s / J w rose from 0.4 g.L -1

for the pristine membrane up to about 7 g.L -1 for the highest free chlorine dose), the overall ability of AQP membranes to reject diclofenac and naproxen was maintained. Of course, a J o u r n a l P r e -p r o o f specific reverse solute flux as high as 7 g/L would not be acceptable in a practical situation (in a continuous FO process, the increase in the retentate salinity would be negligible but the loss of draw solute would lead to additional operating cost). However, it is noteworthy that the doses of free chlorine used in this study were much higher (as usual in lab-scale ageing studies) than those to which a membrane would be exposed in a real application. Even the lowest doses considered in this work, i.e. 100 ppm.h, are to be considered substantial. Indeed, in a practical case, the only possibility of contact between the membrane and free chlorine is an accidental contact with residual oxidizing agents in case of an incomplete dechlorination (it might occasionally occur in water and wastewater treatment).

The greater loss of the draw solution after ageing most likely came from the impact of sodium hypochlorite on the membrane support. The solution to limit the increase in the specific reverse solute flux after contact with large doses of free chlorine could be the use of a draw solute leading to a much lower reverse flux than NaCl. In this regard, asymmetric salts such as e.g. MgCl 2 might be used as the large hydrated radius of divalent cations substantially limit the reverse flux compared with NaCl (but asymmetric salts would enhance ICP due to lower diffusivity, which would negatively impact the water flux) [START_REF] Johnson | Osmotic's potential: an overview of draw solutes for forward osmosis[END_REF]. Polyelectrolytes such as poly (acrylic acid sodium salt) or poly (aspartic acid sodium salt) might also be used as draw solutes as they have been shown to lead to water fluxes close to those reported with inorganic salts while exhibiting markedly lower reverse fluxes [START_REF] Ge | Exploration of polyelectrolytes as draw solutes in forward osmosis processes[END_REF][START_REF] Gwak | Evaluation of poly (aspartic acid sodium salt) as a draw solute for forward osmosis[END_REF].

Conclusion

Sodium hypochlorite resistance of FO biomimetic membranes with polymersomes incorporating Aquaporin Z proteins was investigated. Membranes were exposed to various free chlorine doses under acidic (pH 5) and alkaline (pH 9) conditions.

Exposure to sodium hypochlorite led to a significant modification of the membrane surface properties, partly due to the disruption of the hydrogen-bond network within the polyamidebased active layer of the biomimetic membranes. Membrane ageing did not impact the polymersome embedment in the polyamide active layer of the membranes.

Changes in the membrane surface properties were further correlated with the modifications of FO performance. Degradation caused by sodium hypochlorite increased the draw-solute loss per unit of water passed. The greater loss of the draw solution after ageing most likely came from the reduction of the internal concentration polarization due to the impact of sodium hypochlorite on the membrane support material.

J o u r n a l P r e -p r o o f

A limited impact of ageing was found on the rejection of two non-steroidal anti-inflammatory drugs (naproxen and diclofenac), which remained higher than 95.9 % although the membranes were exposed to much higher doses of free chlorine than would be expected in a practical situation.

  (2-methyl-2-oxazoline)block-poly(dimethylsiloxane) (PMOXA-PDMS) and poly(2-methyl-2-oxazoline)-blockpoly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline) (PMOXA-PDMS-PMOXA) with the addition of amine terminated PDMS. AQP-polymersomes are further incorporated into the J o u r n a l P r e -p r o o f membrane via the active layer synthesis based on interfacial polymerization reaction between m-phenylenediamine (MPD), ε-Caprolactam and trimesoyl chloride (TMC).

Figure 1 .

 1 Figure 1. Experimental FO setup.

Figure 2 .

 2 Figure 2. Zeta potential () of new and aged AQP membranes active layers vs. pH.

  decrease in can be partly explained by the N-chlorination process since amidic hydrogens contributing to are substituted by chlorine atoms (amidic hydrogens act as electron acceptors when involved in hydrogen bonds (HBs) with oxygen atoms of the neighboring PA chains and the block copolymers (PMOXA-PDMS and PMOXA-PDMS-PMOXA) that form the polymersomes incorporating the aquaporins).

Figure 3 .

 3 Figure 3. Apolar ( ), electron acceptor ( ) and electron donor ( ) components of the surface tension of new and aged AQP membranes.

Figure 4 .

 4 Figure 4. FTIR-ATR spectra of the pristine AQP membrane (support and active layer sides).

Fig. 4

 4 Fig.4shows the presence of the amide II band (1543 cm -1 ) on the active layer side without any overlap with bands originating from the membrane support material. The amide II band is mainly associated with bending of C-N-H[START_REF] Kwon | Hypochlorite degradation of crosslinked polyamide membranesII. Changes in hydrogen bonding behavior and performance[END_REF] and is also impacted by the modification of the HB network. It was found to be shifted to lower wavenumbers (redshift) after exposure to sodium hypochlorite (see Fig.S3in the Supporting Information). When the amidic hydrogen forms an HB bond with oxygen or nitrogen atom from a neighboring polymer chain, the bending vibration of C-N-H is restricted due to HB. Let us consider two N atoms, referred to

Figure 5 .

 5 Figure 5. Redshift of the amide II band for aged AQP membranes.

Figure 6 .

 6 Figure 6. Zeta potential of the AQP membranes active layers (new and aged at pH 9).

Figure 7 .

 7 Figure 7. Normalized reverse salt flux J s / J s new (left axis) and normalized water flux J w / J w new (right axis) of aged AQP membranes. Horizontal lines show the performance of the pristine membrane.

Figure 8 .

 8 Figure 8. Zeta potential () of the membrane support before and after ageing vs. pH.

Figure 10 .

 10 Figure 10. Rejection of naproxen and diclofenac by new and aged AQP membranes.

  

  

Table 1 .

 1 Surface tension components for water, formamide and diiodomethane.

			J o u r n a l P r e -p r o o f
	where	is the surface tension of the liquid L,	is the contact angle measured with this
	liquid,	,	and	are the apolar (Lifshitz -van der Waals), electron acceptor and
	electron donor components of the liquid surface tension, respectively.
	The three components of the membrane surface tension (	,	and	) were then
	determined from contact angles measured with three liquids (DI water, formamide and
	diiodomethane) by solving the system of equations obtained by writing Eq. (2) for each
	liquid. The different components of the liquid surface tension are given in Table 1.

Table 2

 2 

		Naproxen	Diclofenac
	Molecular formula	C 14 H 14 O 3	C 14 H 11 Cl 2 NO 2
	Molar mass (g.mol -1 )	230.26	296.15
	pK a	4.15	4.15

), with 10 mg/L of each pharmaceutical compound, and a 1 M NaCl draw solution. The pH was 5.6 ± 0.2 in both compartments. All experiments were carried out at room temperature (22 ± 1 °C) and duplicated.

Table 2 .

 2 Pharmaceuticals compounds used to assess the impact of ageing on the FO performance of AQP membranes.
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