Influence of PVP content on degradation of PES/PVP membranes: insights from characterization of membranes with controlled composition
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Abstract: Sodium hypochlorite is widely used to clean/sanitize PES/PVP membranes. However, this strong oxidant is responsible for accelerated polymer ageing, thus impairing PES/PVP membrane lifespan. This work aimed at getting a better understanding of the role of PVP in the degradation of PES/PVP membranes. As the precise chemical composition of commercial membranes is most often unknown, PES/PVP membranes with various PVP to PES ratios (from 0 to 44 wt %) were synthesized and aged dynamically by filtering sodium hypochlorite solutions. PVP oxidization and partial disappearance from the membrane matrix was observed whatever the membrane composition. Moreover, PES-chain scissions were put in evidence even for pure PES membranes, thus highlighting that PES degradation was not systematically related to the presence of PVP. Conversely, PES hydroxylation was observed only for membranes containing PVP, the hydroxylation rate being dependent on the PVP content. Interestingly, the occurrence of PES-chain scissions impacted the membrane filtration performance while no correlation was found between the PES hydroxylation rate and the filtration performance.
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Highlights: 
- PES/PVP polymeric membranes ageing due to dynamical NaOCl exposure
- Impact of PVP content on PES membrane degradation mechanisms
- PVP leakage and PES chain scission whatever the membrane composition
- PES hydroxylation depends on PVP content
- No impact of PES hydroxylation on filtration performance
Introduction

Membrane filtration processes are now widely used in environmental applications (water and wastewater treatment), and in a number of industries including agri-food and biotechnology industries. The relatively low manufacturing cost of polymeric membranes together with the easy processing of large-area membranes have led to a dominant position of polymeric membranes worldwide. Among the many polymers used as membrane materials, polyethersulfone (PES, see figure 1) is widely used to synthesize microfiltration and ultrafiltration membranes as PES has both excellent chemical and thermal resistances over a wide range of pH (from 1 to 13) [1–3]. However, PES is relatively hydrophobic and therefore additives such as polyvinylpyrrolidone (PVP, see figure 1) are usually blended with PES (without covalent bounds between the two polymers), in order to increase the membrane hydrophilicity. PVP also plays the role of pore former during the membrane synthesis by phase inversion. Depending on the polymer properties and the additive-to-polymer ratio it is therefore possible to prepare membranes with different morphologies (pore structure) and hydrophilicities, and then with different performance in terms of permeability, rejection or fouling resistance [4–7].
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Figure 1: Chemical structures of Polyethersulfone (a) and Polyvinylpyrrolidone (b).

One of the major problems associated with the use of such membranes, especially when filtering organic species, is fouling, which impairs filtration performance. Furthermore, non-negligible irreversible fouling (i.e. the part of fouling that cannot be removed by a simple water rinsing) is often observed. At the industrial scale, cleaning-in-place/disinfection steps using various chemicals in cascade are then performed periodically so as to mitigate fouling and restore membrane performance. Sodium hypochlorite is one of the most widely-used disinfecting/cleaning agents owing to its high efficiency and low cost [8–10]. However, it is well known that sodium hypochlorite has a strong impact on membranes properties such as structure [2,11,12], surface charge [2,13,14] and chemical composition [3,10,13,15], which directly impacts their filtration performance and their mechanical strength as well [3,15,16]. Membrane properties modifications result from chemical reactions between the membrane constituents and the different forms of chlorine in sodium hypochlorite solutions (mainly HClO and ClO-) as well as hydroxyl radicals (OH°) produced by the reaction between HClO and ClO- [17,18]).
For instance, PVP is easily oxidized when brought into contact with sodium hypochlorite due to the presence of ClO-  [1,14] or OH° [14,19]. In more drastic ageing conditions dislodgement of PVP from the membrane matrix has even been reported [3,10,13,15,20].
Regarding PES, two different degradation mechanisms by sodium hypochlorite have been reported. Several studies pointed out the occurrence of a PES-chain scission mechanism [2,3,10,13,14,21,22]. For PES (MW = 30,000 g mol-1) dense films containing small amounts of polyetherethersulfone (PEES), PES-chain scissions were observed after long term ageing (8 months) in 28,500 ppm total free chlorine (TFC) NaOCl solutions at pH 9 and 12 [23,24]. The possible role of PEES was not discussed in these works but it was found that the polymer films degradation was substantially accelerated by the addition of PVP (5 wt %). Recently, Hanafi et al [14] showed that both HClO and OH° were responsible for PES-chain scissions in PES/PVP porous membranes.
The hydroxylation of PES aromatic rings was also reported [13,14,19] and was attributed to a radical attack by OH°. Prulho [19] and co-workers observed that this phenomenon occurred only in the presence of PVP since pure PES films prepared from PES (MW= 37,000 g mol-1) were not degraded after 176 h in 4,000 ppm TFC sodium hypochlorite solutions at pH 8 and pH 12, while PES oxidization was observed for PES/PVP blends (50/50 wt %) just after a few-hour ageing. These authors suggested that by-products might be formed during PVP degradation and might further attack PES. However, although they were able to highlight the formation of phenol groups (i.e. the attachment of hydroxyl groups on the PES aromatic rings) thanks to ATR-FTIR analyses run in a particularly accurate way, no experimental proof was provided for the attachment of other organic functional groups on the PES backbone [19]. Based on the PVP structure, radical by-products that might be formed as a result of PVP degradation would be quite highly substituted and relatively stable, and then less reactive than OH°. 
Finally, the presence of chlorine on PES/PVP membranes aged by NaOCl was also evidenced from SEM-EDX analyses. Since no cation was detected along with chlorine it was concluded that chlorine was most probably covalently bonded to the membrane backbone and not adsorbed in a salt form (i.e. Cl- together with a charge-balancing cation) [10,23]. Such an observation was in good agreement with further investigations carried out by Hanafi et al who used XPS to show the existence of C-Cl bonds on aged membranes while no chlorine was observed on pristine membrane surfaces [14]. 
These results indicate that the mechanisms leading to PES membrane degradation by sodium hypochlorite remain unclear. In particular the role of PVP, which is the most common additive used in the synthesis of PES membranes, still has to be investigated. 
One of the major bottlenecks when studying membrane degradation mechanisms is that the exact chemical composition of commercial membranes is generally unknown, as both the nature and the amount of additives are generally not provided by membrane manufacturers. 
In order to get a better understanding of the role played by PVP in PES/PVP membrane ageing, lab-made PES/PVP porous membranes were considered in the present work. Pure PES membranes and membranes with different PES to PVP ratio (from 4 to 44 wt % of PVP) were synthesized and chemically aged by 200 ppm TFC hypochlorite solutions at pH 8 under dynamic conditions (filtration during 20 h at room temperature). ATR-FTIR spectroscopy and streaming current measurements were combined in order to evaluate the implication of the PVP in the different PES degradation mechanisms (PES-chain scission and PES hydroxylation) and the impact of each mechanism on the filtration performance (hydraulic permeability and neutral solute rejection).


2. Materials and methods

2.1. Chemicals
Polyethersulfone (PES, Veradel P 3100, MW = 35,000 g mol-1) supplied by Solvay Advanced Polymer (Belgium) and N-Methyl-2-pyrrolidone (NMP, purity of 99.5 % purchased from Sigma-Aldrich, Germany) were used to prepare casting solutions for membrane preparation. Polyvinylpyrrolidone (MW = 40,000 g mol-1) was used as an hydrophilic additive and pore former agent.
Bleach solution (NaOCl, La Croix, France – TFC: 96,000 ppm) was diluted to prepare the hypochlorite solutions used for ageing experiments. The solution pH was adjusted with 0.1 mol L-1 HCl solutions of analytical grade (Fischer Scientific).
Polyethylene glycols (PEG; Fluka) with different molecular weights (4,000; 10,000; 20,000 and 35,000 g mol-1) were used for rejection tests.  
All electrokinetic measurements were conducted with 0.001 mol L-1 KCl background solutions, the pH of which was adjusted with 0.1 mol L-1 HCl and KOH solutions (Fischer Scientific, analytical grade).  
All solutions were prepared using deionized water (resistivity: 18 MΩ cm).

2.2. Membrane synthesis
Membranes with different compositions (Table 1) were synthesized by the non-solvent induced phase separation method. The casting solutions were prepared by incorporating the required amount of PES, PVP and NMP in a round bottom flask under continuous stirring (600 rpm) at room temperature (23°C) for at least 24 h, until the polymer was completely dissolved. Subsequently, air bubbles that might be trapped in the polymer solution were removed by a vacuum pump (15 min at 40°C). The resulting homogeneous solutions were then cast uniformly using an automatic filmograph (K4340 automatic film applicator, Elcometer) with a 250 µm casting knife (casting speed 20 mm s-1) onto a non-woven polypropylene/polyethylene Viledon FO 2471 support (Freudenberg, Germany) tightly attached onto a glass plate. Casting was performed at 20°C and at a constant relative humidity of 20 %. After casting the glass plate was immediately immersed into a water bath at 23°C to allow polymer coagulation. After 1 h, the resulting membranes were repeatedly washed with distilled water to remove the remaining solvent and were then stored in ultrapure water before use. 


Table 1: Casting solution composition
	PVP/PES ratio (wt %)
	NMP (g)
	PES (g)
	PVP (g)

	0
	75
	25
	0

	4
	75
	25
	1

	16
	75
	25
	4

	32
	75
	25
	8

	44
	75
	25
	11




2.3. Ageing procedure
Dynamical ageing experiments were performed by filtering 200 ppm TFC NaOCl solutions at pH 8 and room temperature. These ageing conditions were selected as 200 ppm is a fairly representative concentration of on-site operations and pH 8 is known to have the most drastic effect on PES/PVP membranes [3,14]. Indeed, at pH 8 both HClO and ClO- species coexist (HClO representing about 25 % of the TFC against 75 % for ClO -) and this pH is favorable to produce the maximum amount of free radicals [17]. The ageing solution was filtered for 20 h, the corresponding chlorine dose (concentration x contact time) being 167 ppm day.  
The crossflow filtration set-up used to perform dynamical ageing included a 10 L thermally controlled feed tank (25  2 °C) and a plate and frame module (Ray-Flow X100, Novasep-Process, France) with an effective membrane area of about 127 cm². After membrane compaction at 2.5 bar (until a constant permeation flux was reached) the bleach solution was filtered at a constant transmembrane pressure (TMP) of 1 bar and a constant cross-flow velocity of 0.26 ± 0.01 m s-1 for 20 h. No spacer was added.

2.4. Membrane characterization
Prior to characterization, membrane samples were rinsed thoroughly with deionized water, sonicated twice (2 x 2 min) and then dipped in deionized water for approximately 24 hours in order to remove all traces of bleach solution or possible soluble polymer degradation products.

2.4.1. Filtration performance
The pure water permeability of pristine and aged membranes was measured using the same set-up as for dynamical membrane ageing. 
The pure water permeate flux (JW) of the pristine and aged membranes was measured at different TMP ranging from 0.5 to 2.5 bar so as to determine the pure water permeability (Lp) from the slope of the plot Jw vs. TMP according to Darcy’s law (see example of raw data in the supporting information S1):

 									 (1)
PEG rejection by the pristine and aged membranes was also studied. A membrane sample was cut and inserted in an Amicon 8050 cell (effective membrane surface area: 13.4 cm²) connected to a pressurized five-liter vessel containing the feed solution (PEG concentration: 1.0 g L-1). Rejection experiments were carried out in dead-end mode at a TMP of 1 bar. Once a steady-state permeation was reached (it took about 1 hour), both permeate and retentate samples were collected for analysis. PEG concentrations were determined by total organic carbon analysis (TOC-VCPH/CPN Total Organic Analyzer, Shimadzu, Japan). The accuracy on total organic carbon measurement was better than 5 %. PEG rejections (RPEG) were determined from the following equation:

										(2)
where CP is the PEG concentration in the permeate and Cf  is the PEG concentration in the feed solution.

2.4.2. Streaming current measurements
A SurPass electrokinetic analyzer (Anton Paar Gmbh, Graz, Austria) equipped with an adjustable-gap cell was used to measure tangential streaming current. Membrane samples (length 2 cm and width 1 cm) were adjusted to the sample holder dimensions and fixed using double-sided adhesive tape. The distance between the membrane samples was set to 100  2 µm.
Prior to the first measurement, the electrolyte solution was circulated through the channel formed by the membrane samples for at least 2 hours in order to equilibrate the membrane samples with the background solution. 
The streaming current was measured and recorded for increasing pressure differences up to 300 mbar, the flow direction being changed periodically. All experiments were performed at room temperature (20  2 °C) under a controlled atmosphere (nitrogen gas) in order to allow accurate measurements at alkaline pHs (see [25]).

2.4.3. Fourier Transform Infrared spectroscopy (FTIR)
Two different FTIR (Fourier transform infrared) spectroscopy techniques were used to characterize the pristine and aged membranes. Attenuated total reflectance mode (ATR-FTIR) was used to evaluate the chemical modifications undergone by the different membranes exposed to hypochlorite solutions while micro – (transmission) FTIR spectroscopy was used to map the PVP content through the membrane thickness.

2.4.3.1 ATR-FTIR spectroscopy
After careful dynamical vacuum drying (two days) the top surface of membrane samples was characterized using a FT/IR-4100 Fourier Transform Infrared Spectrometer (Jasco) equipped with a ZnSe crystal ATR element (single reflection; incidence angle: 45°). Spectra were collected from 600 to 3700 cm-1 at 2 cm-1 resolution and each spectrum was averaged from 128 scans after background recording performed at ambient air. 

2.4.3.2 Micro – FTIR spectroscopy 
Micro – FTIR spectroscopy allows to map the distribution of the various components of a composite polymer-based membrane across its cross-section [20]. It was used in the present work to map the distribution of both the PES and the PVP through the membrane thickness. To achieve a cross-section mapping using ATR-FTIR, a crystal with a variable incidence angle is needed (as this latter imposes the penetration depth of the incident IR beam in the sample). Nevertheless the porous and composite features of PES/PVP membranes induced some difficulties in the validation of the exact penetration depth. Moreover, the pressure exerted on the flat sample both by the pressure clamp and the ATR crystal can caused geometrical distortions of the samples and thus of the resulting maps. To overcome this issue, suitable thin specimen slices were prepared to examine them in the transmission mode. The samples were firstly embedded in resin to stabilize them and prevent distortion during the slicing process. From all resins tested EpoHeat® (Buehler, Lake Buff, USA) turned out to be the most suitable for embedding the samples, because it was the one with the fewest IR bands overlapping with those of PES and PVP. Thin slices (20 µm), required in transmission mode, were then obtained by applying microtomy over the cross-section of the composite flat membranes.
A Hyperion 3000 FT-IR microscope with a Tensor 27 spectrometer (Bruker, Billerica, USA) was used for recording the mappings. To get the PES distribution, the respective IR band was integrated in the wavenumber range of 1560 cm-1 to 1597 cm-1, the assignment of which corresponds to C=C ring vibration, that for the PVP distribution in the range of 1635 cm-1 to 1695 cm-1, the assignment of which corresponds to C=O bound. Because of the inhomogeneous pore-size distribution over the membrane cross-section the material content per volume unit and thus the IR intensity changed. To properly adjust for these intensity changes resulting from the membrane porosity, the PVP/PES distribution was calculated. Occasionally small inclusions in the resin showed IR bands in the same wavenumber region as PVP. By subsequently dividing through a PES concentration close to zero these regions can have very high intensities in the PVP/PES maps. Nevertheless, this method enables at least a qualitative comparison of the distribution of the membrane components of both the pristine membranes and membranes after a chemical treatment.
2.4.4. Scanning Electron Microscopy (SEM) 
The membranes were embedded in resin to stabilize them. Subsequently cross sections of the samples were prepared by use of a microtome. Image recording (secondary electrons) was carried out with a scanning electron microscope Zeiss Ultra 55. To avoid charging of the samples, they were coated with a thin (a few nm) gold/palladium layer. To minimize the penetration depth of the electrons in the material and that way also the information depth, an electron energy of 3 keV was chosen. Thus only the topmost pores should be imaged and distortion of pore sizes and shapes be avoided.

3. Results and discussion
3.1 Membrane filtration performance
The pure water permeability of membranes containing different amounts of PVP was determined before and after ageing (Figure 2). 
[image: ]
Figure 2: Pure water permeability of pristine and aged membranes with different PVP amounts (0 - 44  wt %).

A strong impact of PVP on membrane permeability was observed. The pure PES membrane had the lowest permeability (around 70 L h-1 m-2 bar-1) while the most permeable membrane was the one synthesized with 16 % of PVP (135 L h-1 m-2 bar-1). Despite its hydrophilic nature it was observed that higher PVP concentrations in the casting solution led to a decrease in the membrane permeability. In other words, the permeability did not exhibit a monotonous trend with the amount of PVP. This can be explained by the dual role of PVP, i.e. (i) making the membrane more hydrophilic and (ii) acting as a pore former agent that can either increase or decrease the pore size depending on its concentration in the casting solution. This observation is in line with previous studies and has been explained by the differences in the membrane structure according to the amount of PVP [6,26]. 
Furthermore, membrane ageing led to an increase in pure water permeability whatever the membrane composition. The pure-PES membrane permeability increased to more than 90 L h-1 m-2 bar-1. Interestingly, the pure water permeability of aged membranes containing PVP was found to be almost constant and close to 170 L h-1 m-2 bar-1 whatever the PVP amount (in the casting solution). 
PEG rejections by the pristine and dynamically aged membranes are shown in figure 3. Pristine membrane rejections were very high (> 93 %) for all PEGs (with molecular weights from 4,000 to 35,000 g mol-1) regardless of the PVP content (up to 44 %). Therefore, it can be concluded that the presence of PVP in the membrane body had no significant impact on the membrane rejection performance. After exposure to sodium hypochlorite, lower PEG rejections were observed. A rather high rejection, between 80 and 90 %, was obtained for the PEG with the highest molecular weight (35,000 g mol-1) but a dramatic decrease was observed for the smallest PEG (4,000 g mol-1) with rejection rates between 30 and 60 %. It is worth noting that no correlation was observed between the initial amount of PVP in the membranes and the lowering of aged-membrane rejections. 
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Figure 3: Rejection of PEGs with different molecular weights (4,000; 10,000; 20,000 and 35,000 g mol-1) by the pristine and aged membranes synthesized with different PVP amounts (0 - 44 %)  (greyscale: pristine membranes, hatched marks: aged membranes).
Since modifications of the membrane performance after ageing were observed for all membrane compositions, even for pure PES, it can be concluded that these changes were related, at least partly, to the modification of the PES backbone itself. Interestingly, the initial amount of PVP does not seem to influence membrane rejection as its presence had no effect on the PEG rejection of both pristine and aged membranes.
On the other hand the increase in permeability of the aged membranes was found higher for membranes containing PVP than for the pure PES membrane, which suggests that transformations involving PVP contribute to the observed increase in membrane permeability after ageing. Thus, the increase in the membrane permeability could be due to the oxidation of the PVP itself (and its potential leaking from the membrane that can introduce fragile zones in the overall membrane backbone) and/or an acceleration of the PES degradation due to PVP oxidation by-products. 

3.2 PVP degradation 
In order to evaluate the PVP degradation due to membrane ageing, the pristine and aged membranes were analyzed by ATR-FTIR spectroscopy. An illustration is provided in figure 4 that shows the spectra obtained for both the pristine and aged membranes (PVP initial amount: 16 %). The major difference between the two spectra is located in the region around 1673 cm-1 that can be assigned to the C=O vibration of PVP. A decrease and broadening of the band was observed, which is attributed to PVP degradation (ring opening followed by carboxylic acid formation). Another difference between the two spectra can be observed around 1440 cm-1. This band is ascribed to the C−H vibration from the CH2C=O group of PVP. The disappearance of this small band after membrane exposure to chlorine confirmed the occurrence of PVP degradation. 
[image: ]
Figure 4: ATR-FTIR spectra of the pristine and fouled membranes (initial amount of PVP: 16 %). 

In order to investigate the influence of the PVP amount, the ratio of the bands located at 1673 cm-1 and 1235 cm-1 (H1673/H1235) was calculated and compared for each membrane sample (figure 5). These bands have been selected as they can be assigned to the C=O vibration of PVP and the C-O-C bond of PES, respectively. Comparing this ratio for the pristine and aged membranes allows to obtain qualitative and quantitative information (provided that a calibration curve can be established) on the relative amount of PVP inside the membrane and on its evolution after membrane ageing [10].
For PVP amounts in the dope solution less than 32 wt % an increase in the H1673/H1235 ratio was observed. However, the H1673/H1235 ratio was found to level off (H1673/H1235 =# 0.3) for higher initial amounts of PVP. This suggests that the PVP-to-PES ratio in the membrane could be different from that in the casting solution (especially for higher PVP amounts), which could be explained by a release of PVP from the nascent membrane into the non-solvent bath during the phase inversion process. 
Furthermore, after ageing a substantial decrease in the H1673/H1235 ratio was observed for all membranes regardless of the initial amount of PVP. This confirms that the relative proportion of PVP and PES within the membrane was directly impacted by membrane ageing. The H1673/H1235 decrease might be attributed to a partial disappearance (degradation and/or leakage) of the PVP from the membrane surface. PVP degradation could result from a ring opening mechanism and/or succinimide group formation. The formation of succinimide results in a deformation of the C=O band (1670 cm-1) with the appearance of a more or less pronounced shoulder located at slightly higher wavenumbers (around 1700 cm-1) [19]. No shoulder was observed on spectra (figure 4), which suggests that a partial leakage of the PVP from the membrane might have occurred. 

[image: ]
Figure 5: ATR-FTIR characterization (H1673/H1235 ratio) of the pristine and aged membranes synthesized with different amounts of PVP (0-44 wt%). 

The pristine and aged membranes were further analyzed to map the PVP repartition within the membrane cross-sections. Results obtained with two different samples of membranes synthesized with 32 % of PVP are shown in figure 6. The results obtained for the pristine membrane (top) demonstrate that the PVP repartition was not homogeneous over the membrane cross-section. Indeed a maximum amount of PVP was observed on the membrane top surface (pink/white colors) while the bottom of the membrane contained less PVP (blue color). The PVP repartition over the aged-membrane cross-section is also shown (bottom of figure 6). Even if the pristine membranes were heterogeneous (see differences between samples 1 and 2; top of Figure 6), clear differences can be seen between pristine and aged membranes. After membrane exposure to NaOCl, the maximum amount of PVP was still located at the membrane surface but a significant decrease in the intensity of the PVP signal was observed.
[image: ]

Figure 6: Relative PVP-to-PES ratio mapping over the cross-section of the pristine and aged membranes containing 32 % of PVP (2 samples).  The pink color corresponds to the PVP rich zones while the blue color corresponds to the areas containing less PVP. The image in the background is always the light microscopic image of the membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

This observation confirms that the aged membrane contained less PVP than the pristine membrane, which is in line with results shown in Figure 5.
In order to check that the above observations resulted from exposure to NaOCl and not only to physical wrenching due to the permeate flow through the membrane pure water filtration was performed with pristine membranes for 20 hours. No modification of the H1673/H1235 ratio was observed before and after pure water filtration (see supporting information S2), which confirms that NaOCl was responsible for the PVP disappearance (degradation and/or leakage). 

3.3 PES oxidation
The membrane surface charge was determined from the streaming current method. For the sake of accuracy electrokinetic measurements were conducted under controlled atmosphere by means of nitrogen gas and the results were interpreted in terms of net charge density (σnet) so as to (i) avoid artifacts caused by carbon dioxide dissolution and (ii) account for the increase in electrical conductivity occurring at low and high pH [13,14,25].
Figure 7 shows the pH dependence of the net charge density for the pristine and aged membranes.
The addition of PVP to PES led to a shift of the membrane isoelectric point (iep) from about 3.7 for the pure PES membrane to about 2.9 for membranes containing PVP. Interestingly, the iep shift was found to be independent of the amount of PVP (in the range 4 – 44 %).
Monitoring the pH dependence of the net charge density revealed the disappearance of the membrane iep after ageing. This phenomenon is the signature of the formation of strong acid groups such as sulfonic acids, as a result of PES-chain scission (see reaction scheme in Figure 8) induced by HClO and HO°. The resulting increase in the number of ionizable groups onto the membrane surface led to the increase (in absolute value) of the net charge density of the membrane surface after ageing (figure 7).

[image: ]

Figure 7: pH dependence of the net charge density of the pristine and aged membranes with different PVP contents (0 to 44 %). 


 
Figure 8: Formation of sulfonic acid groups as a result of PES-chain scission [14].


Interestingly, streaming current measurements showed that PES-chain scissions occurred even with the pure PES membrane. This finding therefore indicates that PVP was not responsible for initiating the PES chain scission mechanism under the present ageing conditions.
Moreover, the electrokinetic curves of aged membranes showed an inflection point at high pH (ca 10). This is associated with the ionization of functional groups having very weak acid properties, which is relevant with the formation of phenol groups, likely by radical oxidation of the PES aromatic rings (see PES hydroxylation reaction scheme in figure 9).
[image: ]
Figure 9: Mechanism of phenol formation through PES radical oxidation [19].

The following procedure was considered in order to analyze data obtained at high pH:  
(i) The variation of the experimental net charge density as a function of pH was first fitted by a 6th order polynomial (r² > 0.99 was obtained for all membranes, see example in the supporting information S3)
(ii) The first derivative of this polynomial (dσnet/dpH) was determined
(iii) Discrete dσnet/dpH values were calculated, focusing on high pH values 
[bookmark: _GoBack]This indirect method enabled to more easily differentiate between the behaviors of the different membranes. Indeed, a constant dσnet/dpH value reveals a linear variation of σnet with pH while increasing dσnet/dpH values (in absolute value) with pH indicate a nonlinear increase in the absolute value of σnet, which can be associated with the ionization of functional groups onto the membrane surface. It should be stressed that ATR-FTIR spectroscopy was not suited here to investigate PES hydroxylation because both sulfonic acid and phenol groups lead to the appearance of a weak band in the same region (about 1030 cm-1).  
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Figure 10: pH dependence of dσnet/dpH for the aged membranes with different PVP content (0 to 44 %).

Results obtained for the various aged membranes are depicted in figure 10 which shows that the dσnet/dpH values obtained with the aged pure PES membrane were relatively constant with pH, meaning that the variation of σnet against pH was relatively linear for this membrane and thus no PES hydroxylation occurred. On the other hand, for membranes containing PVP an increase in dσnet/dpH (in absolute value) with pH was observed for pH > 9, thus indicating PES hydroxylation. This finding shows that the presence of PVP favors the formation of phenol groups onto the PES backbone, which agrees well with Pruhlo et al [19].
At high pH the dσnet/dpH value is expected to be related to the PES hydroxylation rate. According to figure 10, the PES hydroxylation rate therefore depends the amount of PVP. For instance, at a pH 10.9 dσnet/dpH was about -0.35 mC m-² for the pure PES membrane while it was about -0.6 mC m-² for the membrane synthesized with 4 % of PVP and -1.2 mC m-² for the membranes synthesized with higher PVP amounts. 
 In order to confirm the influence of PVP on the PES hydroxylation process, another set of membranes was synthesized using a dope solution containing a lower amount of PES, namely 23 g of PES (instead of 25 g) for 77 g of NMP (instead of 75 g), and PVP-to-PES ratios from 0 to 44 wt %. These membranes were dynamically aged and then characterized by streaming current measurements. As shown in figure S4 of the supporting information the plots of dσnet/dpH vs. pH exhibits similar trends as those obtained with the membranes synthesized from a 25 % PES dope solution (figure 10), which confirms that the PES hydroxylation rate was related to the presence and the concentration of PVP in the membrane matrix. 
As shown previously (see figure 3), the aged membranes exhibited similar PEG rejection performance whatever the PVP content (from 0 to 44 wt %). It can then be concluded that PES hydroxylation has no influence on neutral solute rejection. Moreover, as shown in figure 10, the PES hydroxylation rate was lower for the membrane containing 4 % of PVP compared with membranes containing more PVP (16 % - 44 %). However, it has been shown previously that the permeability of the aged PES/PVP membranes was independent of the PVP amount (see figure 2), which means that PES hydroxylation has no influence on membrane permeability.

3.4 Membrane structure
Information about the membrane structure, before and after exposure to sodium hypochlorite, was obtained by membrane cross-section imaging. Figure 11 shows the cross-section SEM images of the pristine PES membrane as well as the PES/PVP membranes with 4 % and 44 % of PVP. The top images are overview images and show the whole membranes cross-section (the membrane active layer is located on the top of the pictures while the inhomogeneous area below represents the non-woven polypropylene/polyethylene support). The bottom pictures are more detailed pictures of the membranes’ top layer. 
The membranes containing PVP were rather dense with a top layer of a few tens of micrometers. This could be explained by the high PES content in the casting solution (25 g for 75 g of NMP), thus leading to a solution with high viscosity, which favored the formation of membranes with less macrovoids compared with membranes synthesized from casting solutions containing lower PES concentrations [27,28]. On the other hand, the pure PES membrane exhibited a more asymmetrical structure with the presence of macrovoids of a few micrometers in length. Interestingly, this membrane exhibited a lower permeability than the PES/PVP membranes, which could be explained by the hydrophilic nature of PVP. 
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Figure 11: SEM cross-section images of the pristine pure PES membrane, 4 % PVP membrane and 44 % PVP membrane: overview pictures (top) and detailed pictures of the active layer (bottom) 

Figure 12 shows the SEM images of the cross-section of the aged membranes (pure PES membrane, PES/PVP membrane with 4 % of PVP and PES/PVP membrane with 44 % of PVP). As for the pristine membranes, both overview and detailed pictures are provided. From these pictures, it clearly appears that the structures of the PES/PVP membranes were impacted by membrane exposure to sodium hypochlorite solution as macrovoids appeared in the membrane structures. The aged membranes exhibited a dense active layer under which a sublayer with cavities of few micrometers was observed. Less pronounced structural differences were observed for the pure PES membrane before and after ageing. These results are in accordance with the permeability data since it was shown that the increase in membrane permeability after ageing was greater for PES/PVP membranes than for the pure PES membrane.   
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Figure 12: SEM cross-section images of the aged pure PES membrane, 4 % PVP membrane and 44% PVP membrane: overview pictures (top) and detailed pictures of the active layer (bottom) 

Conclusion
This work focused on the role of PVP in the degradation mechanisms of PES/PVP membranes exposed to sodium hypochlorite. PES/PVP membranes with PVP-to-PES ratios up to 44 % were synthesized and further chemically aged by 200 ppm TFC hypochlorite solutions at pH 8 under dynamic conditions (filtration over 20 h at room temperature under a TMP of 1 bar).
PVP oxidation, leading to its partial disappearance from the membrane matrix, occurred whatever the membrane composition, thus confirming that PVP is the Achilles’ heel of PES/PVP membranes. However, in the tested conditions, PVP leakage seems to have no impact on the membrane retention. 
Furthermore, thanks to electrokinetic characterization of both pristine and aged membranes, it was possible to show that PES was also degraded by sodium hypochlorite. PES chain-scissions were observed for all membranes even in the absence of PVP, thus indicating that PVP (or its degradation by-products) is not responsible for the initiation of the PES-chain scission for the present ageing conditions (an impact of PVP on the PES-chain scission kinetics might exist but it was not observed in the present work). On the other hand, it was shown that PES hydroxylation was favored by the presence of PVP. Moreover, exposure of PES/PVP membranes to sodium hypochlorite led to the appearance of macrovoids in the membrane sub-layer. 
It was also shown that the membrane permeability increased and the PEG rejection decreased after membrane ageing, whatever the PVP amount (even for the pure PES membrane). It suggests that the PES-chain scission mechanism, that was the only degradation mechanism observed for the pure PES membrane, has an influence on the membrane filtration performance.  On the other hand, it was found that PES hydroxylation has no effect on the membrane filtration performance (pure water permeability and PEG rejection).
From the practical point of view, these results underline the necessity to find operating conditions (membrane composition, cleaning-in-place parameters) that enable to avoid PES-chain scissions and additives leaching from the matrix body. Future studies should thus focus on these points rather than on PES hydroxylation mitigation. 

Appendix A. Supporting information 
Supplementary data associated with this article can be found in the online version.
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Figure S1. Pure water flux through pure PES aged membranes (Jw) against transmembrane pressure (TMP) (the slope represents the membrane permeability according to Darcy’s Law).
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Figure S2. ATR-FTIR characterization (H1673/H1235 ratio) of the pristine membrane before and after pure water filtration (20 h, 1 bar) 
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Figure S3. Example of modelling of pH dependence of the net charge density of the aged membrane (PVP-to-PES ratio: 16 %) by a 6th order polynomial.
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Figure S4. pH dependence of dσnet/dpH for the aged membranes with a PES mass of 23 g and a NMP mass of 77 g and different PVP content (0 to 44 % PVP-to-PES ratio)
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