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How microwaves can help to study membrane ageing

Abstract

This paper studies original protocols of rapid PES/PVP membrane NaOCl degradation
allowing at reaching ageing states that are representative of industrial ageing. The long term
objective is to propose basis for further fundamental studies aiming at the improvement of the
impact of membrane ageing on behavior in UF (fouling and cleaning mastering). The key of
several protocols is the use of ageing acceleration thanks to microwave irradiation;. either
continuous or pulsed ones, that can be further associated (or not) with short ageing time in UF
conditions. To evaluate the representativeness of obtained aged membranes, comparisons. are
achieved between pristine, voluntary laboratory aged membranes and an industrial membrane
at the end of its service-life. Several physico-chemical analyses were used (ATR-FTIR, SEM-
EDX, contact angle, SEC-HPLC). Evaluation of UF performances were made in-UF of a
model protein (Lysozyme, 14,300 g.mol”). Finally, the proof of concept is done that
conditions using MW exist to reach ageing state representative of industrial ageing.
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1. Introduction

At industrial scale, increasing difficulties in fouling and cleaning are often
encountered in the second part of the membrane life. Disruptions occur at unpredictable times
and membranes have sometimes to be changed in emergency. To avoid such stress, several
factories use to renew membranes at a preselected service life duration before disruption.
None of these two strategies is really a sustainable one, but can be justified by the lack of



fundamental understanding of membrane ageing at industrial scale. To go ahead we have
started ten years ago, a systematic study of the impact of the membrane ageing on disruptions,
knowing that itis probably the consequence of the combination of both chemical and
mechanical impacts, as explained by Pellegrin et al., [1, 2] .

In dairy, polyethersulfone/polyvinylpyrrolidone (PES/PVP) membranes are commonly

used in ultrafiltration (UF) of skim milk for the standardization of the protein content before
the cheese making process or for the filtration of acid and rennet whey. For these applications,
membranes are twice daily cleaned with cascades of formulated detergents. Classically an
alkaline cleaning step and an acid one, often with nitric acid, are achieved. After the cleaning
in place (CIP) by these two solutions, a final disinfection step and a water rinsing are added,
before the production start again. The main difference between the3different cases of the
dairy industry is the nature of the alkaline and acid cleaning solutions. However; their order
and real effect in the cascade are also questioned. Several studies have reported that the
chemical ageing of PES/PVP UF membranes is not related to the alkaline formulated
detergent the pH of which is in the range 11.5-12.0. Similarly, the nitric acid step, for which
the pH is close to 1.6 is not responsible of the membrane chemical ageing. For instance, we
have previously shown that the nitric acid step is harmlessness towards these membranes even
after soaking in more concentrated HNO; solution and up to 1 mol.L”! owing a null pH [3-6].
Moreover a PES/PVP nanofiltration membrane has been reported to be stable over a year after
immersion in 5.9 mol.L" phosphoric acid that is a very concentrated solution with a
,negative”pH [7].
Nowadays, it is well-known that the disinfection step is the main responsible of the PES/PVP
membrane ageing, especially when it is achieved in-oxidant conditions obtained by chlorine
based disinfectants (see for instance [8-12] . Classically in dairy NaOCI (bleach) solutions are
set at 150-200 ppm in total free chlorine (TFC) and pH close to 11.0-11.5 and used at 50°C.
However, NaOCl induces more or less degradation of the two polymers constituting the
membrane (Figure 1).

Insert Figure I about here

PVP, the minor but ,hydrophilic™ constituent of the membrane, has been shown to lead to
intermediate degradation products after contact with NaOCl at pH= 7.0 - 8.0. After a long
time contact, that is not clearly evaluated, PVP totally disappears. It can be underlined that
such pH range is-the more favorable one to induce degradation according to a radical
mechanism. . These intermediates have not been evidenced after contact with NaOCl at pH=
11.5 [11]. Nevertheless, the full disappearance of PVP after long term NaOCI treatments at
pH= 11.0-11.5 achieved at industrial scale has been confirmed by autopsy of membranes at
the end of their service life [3-5] . Regardless of the NaOCI pH the removal of PVP might
induce an increase in the membrane hydrophobicity.

PES is simultaneously the main polymer and the more hydrophobic one of the membrane.
Different evolutions due to oxidizing treatments are reported in literature. It goes from simple
hydroxylation of the phenyl groups, a slight modification that is compatible with an increase
in hydrophilicity of the membrane, to the cleavage of a C-S covalent bond of the PES
backbone leading to formation of sulfonate (~SO;’) fixed groups attached to the aged
membrane. This last modification is in good agreement with an increase in the overall
membrane hydrophilicity with respect to the presence of charges.

The conditions of the occurrence of the two modes of PES degradation are still controversial,
probably with respect to the NaOCI ageing duration used in the studies that are always
achieved in different conditions, for instance with respect to the concentration. On one hand,
Yadav and Morison [10] have proposed the cleavage of C-S covalent bond of the backbone at
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high alkaline pH. On the other hand, Hanafi et al. [13-14] have found, from streaming
potential (SP) measurements, that the backbone cleavage occurs at pH= 60.-8.0 but not at
pH= 11.5. Moreover their SP measurements for PES/PVP membranes aged in NaOCl agreed
with the hydroxylation of the phenyl group at pH 6.0-8.0 and pH= 11.5. The same authors
have also proved that the two evolutions of PES can co-exist at pH= 6.0.

It can be noticed that direct ATR-FTIR analysis on membranes (a technique that will be used
in the present study) is not able to distinguish between the two mechanisms as the two PES
pos§ible evolutions lead to a new band located exactly at the same wavenumber close to 1030
cm .

A difficulty to study the impact of membrane ageing at lab. scale is the availability of aged
membranes at different steps of their service life without any other variations. To. collect
industrial membranes is generally difficult for economic reasons. Moreover it is not sufficient
because such membranes are generally fouled by proteins (even when having carefully be
cleaned) and it becomes quite complicated to discriminate if the changes in the membrane
performances are due to either residual fouling or membrane ageing or a .combination of the
two. That is why, in the present study, we have chosen to voluntary aged membranes by
immersion in NaOCI solutions using different protocols aiming at finding one that can be
rapid and able to lead to ageing representative of ageing state reached at industrial scale.
Among several assays reported in this paper, the most original approach is based on the use of
ageing acceleration thanks to micro-waves (MW) irradiation. MW activation of reactions is
now commonly used for synthesis in organic chemistry [15]. For a better understanding of the
reasons having conduced us to select MW irradiation, the next paragraph gives some
generalities on MW activation.

2. Micro-wave activation of reactions
2.1. Microwaves in chemistry

Microwave (MW) irradiation is nowadays a well-established technology in organic
chemistry laboratories [15, 16]. Microwave assisted chemistry is based on the use of intensive
directed irradiation and its purposeful application can have several advantages such as short
heating times, wide usable temperature and pressure range, accumulation of energy added to
the system, inversion of heating flux in the reactor, higher energy efficiency, sophisticated
measurement and safety technology, modular systems that allow changes from the milligram
up to the kilogram scale [16].

Essential to chemical synthesis are reaction equilibrium conditions and how rapidly they can
be reached. MW reaction rates are several times faster than conventional heating, because the
energy efficiency is higher due to the fact that the solvent is rapidly/directly heated, thus
eliminating the energy required to raise the temperature of the containing vessels [17].

MW ' electromagnetic energy has gained significant attention in domestic, medical,
pharmaceutical and industrial applications such as for domestic microwave oven applications,
for pasteurization, sterilization [18] or at lab scale to prepare product of high quality [19].
Similarities and differences between the conventional and MW heating mechanisms in terms
of yield and purity of products have been reviewed by Nuchter et al. [20]. However,
significant technological problems arise in attempting to scale up to production scales,
particularly due to the restricted penetration depth of microwave irradiation in absorbing
materials. Nevertheless, industrial oven already exists and are used for various applications
(Figure 2). The possible scale-up is an important aspect for us because it means that our
methodological approach could also be developed on membrane of industrial size and not
only on small flat membrane as it will be shown in this paper.



Insert Figure 2 about here

2.2. micro-wave effects

Microwaves are a part of the electromagnetic spectrum occurring in the frequency
range of 300 MHz to 300 000 MHz (Figure 3).
Generally domestic as well as laboratory ovens deliver MW at 2,450 MHz with a wavelength
of 12.2 cm corresponding to a quantum of energy of about 1 J.mol™ (0.23 cal.mol™).
For a given power P= 680 W, the delivered energy is 680 J.s". Considering a classical
chemical reaction requiring an energy of activation of 209 kJ.mol™ (50 kcal.mol™); it takes
about 5 min.mol™ (time = 209,000/680= 307 s) to deliver such energy that is a high value
with respect to the small quantities generally placed in the MW oven cavity.

Insert Figure 3 about here

MW effects can be classified into thermal and non-thermal ones. The thermal effects result
from microwave heating and are due to rapid heating, volumetric -heating, superheating,
hotspots and selective heating while the non-thermal effects are associated with surface
polarization [21].

The principal heating mechanisms of MW are due to-dipolar polarisation, conduction
mechanism and interfacial polarisation. The dipolar polarisation is responsible for most of the
heating observed in solvent systems while the conduction mechanism occurs when an
electrical conductor is irradiated with MW leading to the-movement of charge carriers under
the influence of an electric field resulting in polarisation. The combination of both processes
produces interfacial polarisation in systems comprising both conducting and non-conducting
materials [21].

2.3. Media on which MWs are applied

The success of the MW irradiation in chemical reactions largely depends on the
electromagnetic field distribution in the volume of the solvent/reactants mixture inserted in
the oven cavity. The MW penetration depth (ET) depends on materials and particularly on
their dielectric constant (equation 1).

ET=(\o/2m). (52 /e") (1)

With :

ET: the penetration depth of MW (cm)

A : the wavelength of the MW (cm)

€ : the dielectric constant of the medium (measure of the ability of the molecules to become
polarised by an external electric field)

¢"+'the dielectric loss of the molecule (measure of the efficiency with which electromagnetic
energy can be converted into heat, it usually goes through a maximum as the dielectric
constant is decreased)

A=12.2 cm at 2,450 MHz

Microwave absorption via dielectric heating depends on the imaginary part of the material
permittivity. The higher is the imaginary part of the permittivity, the higher is the absorbance.
The ratio of the dielectric loss to the dielectric constant is defined as the dielectric loss



tangent, fan 6, which is an important number for characterising microwave heating [22].
Several authors considered that fan o is representative of the absorption because it reveals the
compromise between the two parameters mentioned just above.

Table 1 shows some typical values of penetration depths. Whereas metals and graphite are
fully reflective, water that owns a high dielectric constant is a strong microwaves absorbent.
This property can be used to accelerate chemical reactions in water solution but it induces a
difficult temperature control during MW irradiation and a sudden increase in temperature can
easily be observed that might favor the formation of undesirable side-products.

Organic polymers such as PVC appear as intermediate absorbents of MW and probably it is
also the case for PES and PVP, but unfortunately no information has been found dealing with
these two polymers constituting the membrane studied in the present paper.

On the contrary quartz is quasi fully transparent and appears as a nice material to use for
reactor fabrication when reaction is achieved in a liquid medium. Porous glass is less
interesting with respect to the energy efficiency. Nevertheless, taking into account the cost
and practical aspects, as well the possible scale-up, glass reactors have been used in the
following.

Insert Table 1 about here

The MW penetration depth (ET) depends also on the temperature and for instance in water ET
increase from 1.4 cm to 5.7 cm at 25°C and 95°C, respectively.

Finally, it must also be said that the boiling points of polar solvents are higher under MW
(Nucleation Limited Boiling Temperature, NLBT) than without MW as shown for a selection
of solvents in Table 2. This possible local increase of temperature allows acceleration of
reactions with MW irradiation compared to a reactor classically heated (Figure 4).

Insert Table 2-about here
Insert Figure 4 about here

The power transferred to-a reaction mixture by MW is of course of great importance and is
given by the following equation:

Pi=(x+2mve™) |E|? )

With

Pg4 : the power transferred per unit volume of material
¥: the medium conductivity

€'t 1 the dielectric constant of the medium

E : the local electric field intensity of MW

v: the MW frequency (often set at 2450 MHz)

To reach and maintain a temperature corresponding to the actual industrial one applied during
membrane disinfection by bleach (50°C) we have experimentally checked that the required
power was close to 60 W. Although, increasing the power level was a good way to increase
membrane degradation but much more attention had to be paid to reach an acceptable
temperature.

2.4 Application mode of MW



Two different types of ovens exist: the most sophisticated are single-mode ovens
running in continuous mode whereas the simpler ovens are multi-mode ones acting in a
discontinuous mode. These two oven types allow more or less subtle assays and will be
quickly described in the following because both of them have been used in the present study.

2.3.1. Continuous MW / single-mode oven. Figure 5 shows a single mode oven and the
principle of wave-guidance up to the sample located in a small cavity. The use of such oven
allows the definition of precise positions within the oven, exactly where the electric field
intensity is maximum. Remember that the positions of the maximum electric field intensities
change from the maximum to zero in a distance of one-quarter of the operating wavelength (E
typically follows a half sinus-wave pattern, Figure 3, called the “standing wave effect™). The
effect linked to the well-chosen position of the sample in the electric field is observed
immediately after applying the MW power and therefore it only needs few minutes for the
solution to reach a uniform heating state (Figure 5). Accordingly, both temperature and
power fine controls are possible (Figure 6).

The only disadvantage of such oven for the present study is that only small membrane
coupons can be studied because the solution must be contained in 10 ml vessels up to 100 ml
round-bottomed borosilicate glass flasks (chosen here), preventing from further filtration
tests, but the magnetic stirring is possible to enhance the solution homogeneity.

Insert Figure 5 about here

Insert Figure 6 about here

2.3.2. Pulsed (discontinuous) MW and multi-mode oven. Figure 7 shows multi-mode ovens
delivering pulsed MW. Contrary to the previous one, the power is applied discontinuously,
meaning that its regulation is far-from be nicely controlled. Another consequence is the
absence of mastering of the temperature. To avoid too high increase in temperature, the
experimenter has to manually choose to apply power for a given time that has to be
experimentally determined according to the objectives dealing with temperature limitation.
For instance, Figure 8 depicts that the size and form of the reactor as well as the number of
reactors simultaneously presents in the oven can significantly modify the water evaporation
rate and consequently the concentration of reactants and thus the results with a given power
and oven. The size to volume ratio of membrane to solution as well as the overall matter
present in the oven must be controlled for study optimisation.

Insert Figure 7 about here
Insert Figure 8 about here

2.3.3. Optimisation depend on the MW oven. More or less, all ovens, either laboratory or
domestic ones, have the same magnetron, but even at constant frequency (generally 2,450
MHz) and same applied power, optimised reaction conditions are oven-dependent. This is due
to the difference in the statistical distribution of the waves inside the oven, that depends on
several parameters such as: the different systems to guide (waveguide) and disperse the waves
(wave brewer) toward the sample inside the oven, the power supply unit, the cavity size of the
oven and of course the overall volume and chemical nature of the samples in the cavity.

That is why in the present study we have systematically performed experiments with constant
membrane to solution ratio and constant number of glass reactors (always the same series) in



the multi-mode oven (see experimental part). The question is less sensitive with the single-
mode oven because only one sample can enter the very small cavity but similar precautions
have been taken.

2.5 conclusion on MW

To sum up, chemical reactions under MW irradiation are affected by overheating, hot
spot formation, polarization, dielectric properties, solvent sensitivity to microwaves, spin
alignment and nuclear spin rotations. Considering the large use of MW for synthesis purpose
and knowing that degradation involved similar chemical mechanisms as synthesis, we have
decided ten years ago to systematically study ,How micro-waves can help to study membrane
ageing and consequences on fouling and cleaning™. This paper is the first one giving the
overall trends that underpin and validate the approach.

3. Materials and Methods
3.1. Water and solutions

Water used for membrane rinsing and preparation of all solutions was demineralised

and 1 um filtered. In standard conditions (except other comments) sodium hypochlorite
(NaOCl) concentration, was set at 400 ppm TFC and used either at pH = 11.5 £ 0.1 or pH=
8.0 £ 0.1 by addition of NaOH or HCI of analytical grade (Acros), respectively. It was
obtained by appropriate water dilution of concentrated commercial bleach (MIC, bleach at
96,000 ppm TFC). A formulated alkaline detergent (Ultrasil 10, powder, pH 12.0 at 4 g.L™")
provided by Ecolab (Issy Les Moulineaux, France) was used for membrane cleaning. This
detergent is known to be efficient for the protein removal from pristine PES/PVP membrane
[23].
Lysozyme from hen egg white (MW= 14,300 g.mol™, isoelectric point pI= 10.7, Stokes radius
Rs= 1.8 nm) in hydrochloride form was provided by Ovonor (Tregueux, France). This protein
has been chosen because its size is close to that of a-lactalbumin, the smallest soluble protein
of milk, but lysozme was less expensive. Solutions set at 1 g.L"' were filtered at natural pH
(pH = 4.5). In such physico-chemical environnement, Lysozyme was highly positively
charged. Occurrence of charge on the filtered protein induce occurrence of similar charges on
the fouled membrane. Accordingly, repulsive electrostatic interactions were efficient between
lysozyme free in-solution and the fouled membrane. The consequnce is the enhancement of
the protein rejection by the membrane when compare to pure size exclusion [24]. Addition of
salt at sufficient concentration allowed to screen these electrostatic interactions. This allowed
to reach transfer mechanism mainly based on steric exclusion and not on the combination of
steric-and _ electrostatic repulsions. This filtration conditions were better to appreciate the
impact of membrane ageing on protein rejection. Consequently, NaCl solution at 500 mmol.L"
! were prepared from powder of analytical grade (Acros) and sometimes added to ultrafiltered
lysozyme solutions..

3.2. Membranes and UF conditions

3.2.1. Membranes. The UF membrane (HFK 131, 5-10 kg.mol') was provided by Koch
(USA). This membrane is worldwide commonly used at industrial scale for UF in dairy
industry. HFK-131 is mainly made of PES but contains also some PVP [25]. One spiral
membrane (6.7 m?, 4333 K131 VYV module) was used in which flat coupons of 127 cm?
filtering area were sampled.



3.2.2. Filtration with flat membranes. Prior any other use, the preservative (glycerol) was
removed by soaking the flat membrane in demineralised water (removal was checked by
ATR-FTIR analysis). Then the membrane was inserted in a plate and frame cell (Rayflow
X100, Orelis, France). Each flat membrane was compacted by filtering water at 3 bar, 25°C,
during 4 h in cross-flow mode (velocity close to 2 m.s™) until a plateau value of permeance
(Lpo = Jo.water /TMP) was reached. Several virgin membranes were used in lysozyme UF. The
following UF standard conditions were: 50°C, 2 m.s™, transmembrane pressure TMP= 2 bar
and VRR=1 (full recycling of permeate and retentate in the feed tank). Others membranes
were voluntary aged in NaOCI according to various protocols tested (see below). After the
ageing treatment, hey were re-compacted at 3 bar in water and finally used in lysozyme UF in
standard conditions. The careful rinsing as well as the re-compaction together with the
temperature control during water flux measurement were required because this membrane. is
both pH and temperature responsive. Precision on fluxes was better than 5%. Regardless of
the membrane, either virgin or NaOCl aged, after lysozyme UF, each membrane was carefully
rinsed by water. Then the membrane was demounted for analysis.

3.3. Protocols for flat membrane ageing

Regardless of the protocol, the treatment duration varied. It is commonly expressed as a
cumulative dose of NaOCl received by the membrane and generally given in ppm.d total free
chlorine (TFC). According to the provider the HFK-131 membrane was guaranteed up to a
cumulative NaOCl dose equal to 5,000 ppm.d TFC. For a ,.D*“ppm TFC NaOClI solution, the
received dose was expressed according to:

NaOCl g4ose (ppm.d) =D (ppm) x number of days  (3)

3.3.1. Ageing by soaking in NaOCI. Small membrane coupons of about 10 cm? and 127 cm?
filtering area flat membranes were soaked in NaOCI solutions at given concentration in the 0
to 96,000 ppm TFC range up to 200 days. Moreover the pH was fixed either at pH= 8.0 (ideal
for PES/PVP degradation, and corresponding to a pH commonly used in water applications at
room temperature) or pH= 11.5 (less favourable to prone PES/PVP membrane degradation
but corresponding to pH commonly used in dairy applications at 50°C). The temperature was
maintained at 50°C all day long and decreased slowly during the night down to room
temperature. Solutions were replaced every week. Regardless of the other conditions, the
NaOCl solution volume to membrane area ratio was always 14.6 L.m™. This ratio was more
or less arbitrary chosen but it was the same that was used in UF with respect to the pilot dead
volume.

3.3.2. Ageing in UF conditions at 2 bar. Flat membranes of 127 cm’ filtering area were
continuously immersed in 400 ppm TFC NaOC] solution at pH 8.0 (14.6 L.m™) on a UF pilot
filtering all day long at 50°C. However the filtration was stopped during the night but the
membrane remained immersed in the NaOCI solution. The temperature was able to slowly
decrease during the night down to room temperature. Finally it was estimated that UF ageing
was only one third of the time performed in the standard hydrodynamic conditions described
above.

3.3.3. Accelerated ageing by immersion under continuous microwaves (60-70 W). Small
membrane coupons (14.6 L.m?) were immersed in NaOCI solution set at 400 ppm TFC at
either pH= 8.0 or pH= 11.5. Simultaneouslys they were submitted to continuous micro-waves
irradiations at 60 W that were applied during few hours in a CEM Explorer® 24 single-mode



oven (Labmate, 2,450 MHz, Figure 5). The microwave irradiation parameters (power and
temperature) were monitored by the ChemDriver software.

The limitation of the power allowed to control the temperature that was kept constant at 50 +
1 °C (Figure 6).. The membrane coupons were exposed to MW irradiation for either 120 min
(33.3 ppm.d TFC dose) or 240 min (66.7 ppm.d TFC dose). However, this oven had a too
small cavity to insert 127 cm” membrane preventing thus from possibility of further UF tests.

3.3.4. Accelerated ageing by immersion under pulsed microwaves (680 W). Small membrane
coupons of 10 cm? area (always the same numbers simultaneously in the oven) or 127 cm?
filtering area flat membrane (only one in the oven) (14.6 L.m™) were immersed in NaOCl
solution set at 400 ppm TFC either at pH= 8.0 or pH= 11.5. They were submitted to pulsed
microwaves at 680 W in a discontinuous mode that was applied few minutes in a multi-mode
domestic oven (Moulinex, 31 L, 2,450 MHz, Figure 9). In order to limit the temperature
increase, and to try to be as close as possible to conditions of the single-mode oven described
above, each 3 min the warm NaOCI solution was changed for a similar volume of a fresh one
initially at room temperature. The membranes were exposed to micro-waves irradiation for a
maximum duration of 45 min (12.5 ppm.d TFC dose).

Insert Figure 9 about here

3.3.5. Combination of ageing in UF conditions then pulsed micro-waves (170 W). Several flat
membranes of 127 cm® filtering area had continuously filtered a 400 ppm TFC solution at
pH= 8.0 until a 500 ppm.d TFC dose exposition (14.6 L.m™, in standard UF conditions,
50°C). After this first ageing step, the membranes were demounted and immersed in 400 ppm
TFC solution at pH 8.0 (14.6 L.m™) under pulsed microwaves (170 W, Moulinex) for a given
duration that was maximum 12 h (corresponding to a 700 ppm.d TFC maximum cumulative
dose). Finally the membranes were carefully rinsed by water, compacted once again and
finally used in UF.

3.4. Physico-chemical characterisation of membrane by ATR-FTIR

Membrane degradation by NaOCl as well as protein amount on membrane was
followed by ATR-FTIR. Prior to measurements membranes were carrefully dried in a
dessiccator under dynamic vacuum during several days in order to get rid of water. The
dryingefficiency was checked on all spectra via the absence of the OH band in the 3000 cm™
region allowing to estimate that the OH band harmonic, much lower than the previous one
and located close to 1660 cm™ was null. Spectra were aquired with a spectrum 1000
spectrometer - (Perkin Elmer, spectrum for windows software) equipped with an ATR
accessory (ZnSe Crystal, 12 reflexion, incidence angle of 45°, 20 scans, resolution: 2 cm™).
Membrane samples were carefully pressed on the crystal (maximum pressure using a flat tip)
for a nice signal to noise ratio. Figure 10 shows typical spectra of new membranes. All bands
can be assigned to PES except the band located at 1661 cm™ that was the single one assigned
to PVP (C=0).

Insert Figure 10 about here

3.4.1. Protein amount on membrane. The calibration used has been established in our team
few years ago and reported in [26-27]:

H1539 protein amide lI/ H1240 PES H2060—2240 baseline _ 0.0034 [P] (4)
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With:

[P]: the protein concentration on membrane in pg.cm™

H 1240PES: the height (absorbance) of the band at 1240 cm’! attributed to PES

H 530 Protein amide I ¢ o height of the band at 1539 cm™ attributed to protein amide II band
(CN-+NH)

Ho060.2240°°1: the average height of the baseline measured in the 2060-2240 cm™ range of
wavenumbers. Value equal to 0.0165.

The quantification was possible in a wide range of fouling from 1 to 350 pg of proteins per
square centimetre of membrane (geometric area) with a precision of 1 pg.cm™. 19 samples. of
fouled pristine membranes have been used to establish the calibration, allowing to reach r =
0.997.

3.4.2. Membrane characterisation by ATR-FTIR. In the following, the membrane “age” was
estimated with respect to two main markers: PVP disappearance and PES backbone
modification according to a procedure explained in [25] and briefly explained in the following
for sake of clarity.

The PES degradation was easily evidenced by the increase of a band located at 1030 cm™
(Figure 10). This band was common to C-OH due to hydroxylation in ortho position of
phenyl group of PES and to sulfonate groups due to PES backbone cleavage (Figure 1). The
degradation level was expressed as the [ PES-backbone PES . o ratio in the following because
no modification of the height of the PES band located at 1240 cm™ was observed due to the
membrane ageing.

The progressive disappearance of PVP was easy to highlight with un-fouled membranes,
either virgin or aged. Following the decrease of the 1661 cm™ band on spectra (Figure 10),
the degradation level was expressed as the H1661PVP/H1240PES ratio in the following.

3.5. Atomic composition by SEM-EDX

Micro-analysis coupled with scanning electron microscopy (SEM-EDX) allowed to
evidence variation in atomic composition of the membranes. They were previously dried and
metallised with Au-Pd during a controlled time. Aiming at developing a quantitative or semi-
quantitative method, the penetration depth of the electron beam must be controlled as much as
possible. This depth-depends on several parameters among which is the accelerating voltage
that was always chosen equal t020 kV. Membranes active layer could be heterogeneous. In
order to have an average value that can be considered as representative and not a particular
composition related to a specific location that could be non-representative, the EDX analysis
was performed during 50 s on a wide surface of the sample and not at a specific point. For this
purpose a 400 magnification of the sample was arbitrary chosen corresponding to a 198 um x
198 um area and the whole picture was analysed. The precision was better than 5 % for each
element. The main elements existing on the pristine membranes are C and N, but there was an
overlapping of the two signals, and consequently it was not possible to distinguish
unambiguously the PVP presence from that of PES. O and S were clearly evidenced as single
atoms.

3.6. PES cleavage by SEC-HPLC

Size exclusion chromatography was used to analyse PES molecular weight evolution
with respect to ageing. The stationary phase was made of a styrene/divinyl benzene
copolymer (PL-gel 5 um, MIXED-GEL, 7.5 cm x 30 cm, Polymer Laboratories). A pre-column
of same reference was added (PLgel, Sum, 5 cm). The CHCIl; eluent (chloroform of HPLC
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grade, Acros) flow rate was set at 1 mL.min™. 10 uL of samples dissolved in chloroform were
injected thanks to a VALCO valve. The UV detection was achieved at 254 nm allowing the
PES detection (with respect to its phenyl groups) but not the PVP one (Spectromonitor 3000
L.D.C.). Peaks surface were integrated with a Hewlett Packard 3396.A integrator. The column
linearity was checked to be in the 1,447,000 g.mol'-104 g.mol™ molecular weight range with
respect to polystyrene (PS) standards. With this calibration, the apparent molecular weight of
the PES constituting the membrane was close to 22,000 g.mol ™.

Prior analysis, PES/PVP small membrane coupons of a given constant area of 10 cm” were
soaked in 250 mL CHCIl; allowing to separate the membrane support from the other parts of
the membrane (intermediate and active layers). But, the dissolution of both the intermediate
and active layers was not total in such conditions. Nevertheless, for sake of chloroform
minimal consumption (and because it was not possible for us to change the nature of the
eluent of the HPLC apparatus for practical aspects), the supernatant was injected after a
classical 45 pum filtration. The degradation of the membrane was then followed with respect to
2 complementary datas: (1) the evolution of the amount of the soluble fraction highlighted by
the overall peak intensity and (2) the average molecular masses in number and weight
(apparent Mn and Mw) and the polydispersity index (apparent P1 = Mw/Mn).

3.7. Contact angles and polar/apolar balance evolution

Contact angle (O©) measurements were measured by the sessile drop technique with a
GBX-DS Digidrop apparatus with an accuracy better than 3°. For sake of reproductibility, the
membranes were very carefully dried in an oven'at 100 °C during 2 days. It was previously
checked that this dying method was equivalent to a-drying achieved in a dessiccator under
vacuum for a much longer time. For the characterisation of a given membrane, 3 different
solvents of known characteristics were used, namely water, dilodomethane and formamide.
By applying the Young-Dupré-Van Oss equation [28] it was possible to determine the global
superficial tension of the membrane (ys) and-its decomposition in apolar/hydrophobic (ys-")
acid (ys™) and base (ys®) components:

b

(1+c0s ©) o =2[ (s A ™) 2 (5™ +10”)" + (5" + 1 H"? ] (5)
Where S and L indexes referred to membrane and liquid respectively.

4. Results and-discussion

At industrial scale NaOCl is generally used at 150-200 ppm, 50°C and pH 11.5 for the

disinfection step -in dairy. To study membrane degradation at laboratory scale, other
conditions-have to be found to shorten studies. However, they must be representative of the
ageing state that can be reached at industrial scale during the service life of the membrane.
Up to naow, the classical trend was to increase the NaOCl concentration assuming the
supposition that the overall dose calculated thanks to equation 3 was a good parameter. Even
if often used in literature, such assumption has never been proved and is probably partially
false, especially with too high concentrations.

4.1. Preliminary experiments to determine acceptable conditions for acceleration of ageing

The first set of experiments aimed at the identification of acceptable conditions for
accelerating the membrane ageing. These conditions have been mainly determined from
SEM-EDX analysis before conducting an in-depth study using several analytical tools for an
overall convincing demonstration.
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4.1.1. Ageing by soaking at pH= 11.5, 50°C, and various NaOCl doses. As already said, this
pH is the one used for disinfection at industrial scale in dairy at 50°C. Membrane ageing was
firstly achieved by immersion in various with NaOCl doses ranging from 50 to 200 ppm and
during up to 90 days. Together with C+N, S and O, additional CI was evidenced by SEM-
EDX on aged membranes. It must be underlined that no additional cations were evidenced on
the aged membranes, meaning that Cl was not in its chloride anion form. This result was in
good agreement with the PES backbone cleavage of the C-S bond that is associated with the
Cl fixation on the degraded PES backbone appearing simultaneously with the sulfonate
groups™ appearance (Figure 1). It can be underlined here, that the S amount cannot<be
modified by the sulfonate group appearance when the aged membrane is compared to the
pristine one because it is only an oxidation of the initial sulfone group. For a semi-quantitative
estimation of the degradation level of the membrane, the Cl to S atomic ratio was calculated
assuming that S atom only belong to the membrane regardless of its oxidation state.
SEM-EDX analyses highlighted clearly (1) the Cl uptake by the membrane-and (2) an
acceleration of the ageing by increasing the NaOCI concentration (Figure 11). A particular
attention can be paid to significant variations between 150 and 200 ppm confirming the
interest of new trends in disinfection at industrial scale by slightly, lowering NaOCl
concentration to 150 ppm.

Insert Figure 11 about here

4.1.2. Acceleration of membrane ageing by increase of the NaOCI dose. At high alkaline pH,
naturally obtained by increasing the NaOCI concentration, when soaking the membrane at
room temperature in 96,000 ppm TFC solution, the active layer was attacked in few minutes.
Several cracks appeared, highlighting that a too high increase in NaOCl concentration cannot
be a nice alternative to accelerate the ageing in a representative way of industrial ageing.
Similar behaviour have been found with lower, but quite high doses. Based on a trial and error
approach, we have estimated that eoncentrations up to 800 ppm TFC could probably be used,
but to take into account possible concentration during MW further irradiation, with respect to
possible water evaporation, we have voluntary limited the initial concentration to 400 ppm
TFC aiming also at limiting side-reactions if any.

4.1.3. Acceleration of membrane ageing due to pH decrease at 400 ppm TFC dose.
Decreasing the pH from 11.5 to 8.0 allowed to accelerate the Cl uptake (Table 3).
Comparable Cl uptake were reached with either a 40,000 ppm.d dose at pH 11.5 or a 8,000
ppm.d dose-at pH 8.0. In both cases this CI uptake was close to that reached for the industrial
membrane-at the end of it service life (knowing from its autopsy that only a very small
percentage of this value is due to salt precipitation on the industrial membrane [3, 4]).

4.1.4. Evidencing of ageing acceleration by MW irradiation at pH=38.0 and NaOCl 400 ppm
TFC dose. When membrane coupons were immersed in solution at pH= 8.0 under pulsed MW
at 680 W during 45 min (66.7 ppm.d) the Cl uptake was the same as that reached either with
the industrial ageing or the membrane aged up to 8,000 ppm.d without any MW irradiation
(Table 3). This result confirmed the acceleration thanks to micro-waves that was reached as
expected.

4.1.5. Evidencing of the combination of chemical and mechanical ageing? From SEM-EDX
analysis it was evidenced that ageing at pH= 8.0 and 400 ppm.d TFC in UF conditions
allowed to increase the Cl uptake by the membrane (Table 3). At this moment, it remained
unclear if the ageing level was due to a better diffusion of NaOCl in the membrane structure

13



or if a mechanical ageing was added to the chemical one. This point will be discussed in the
following part. The main problem with this approach was related to the UF equipment made
of stainless steel. NaOCIl at such ,Jlow™ pH and moreover at this concentration was very
corrosive. Some holes have appeared in the pipes of our pilot preventing from the systematic
use of such experimental approach.

Insert Table 3 about here

4.2. Systematic investigation of ageing at NaOCl 400 ppm TFC

With respect to the preliminary results detailed above, NaOCI concentration set at 400
ppm has been chosen for the following. Nevertheless, aiming at taking into account potential
differences in the degradation mechanisms at pH= 11.5 and pH= 8.0, these two values have
been used in parallel for several trials and characterisations. Once the NaOCl concentration
has been chosen, Figure 12 shows the overall approach experimentally followed to both
accelerate ageing and avoid degradations that could be non-representative on a physico-
chemical point of view but also on a mechanical point of view (detachment of the active layer
avoiding UF tests for instance). In the following, results are given following the
characterisation technique used in order to better highlight comparison between the different
ageing protocols.

Insert Figure 12 about here

4.2.1. ATR-FTIR characterisation. First of all, \it has been checked that the overall
characteristics of the ATR-FTIR spectra of aged membranes were not changed by increasing
the NaOCl concentration from 200 ppm TFC._ to 400 ppm TFC, either at pH= 11.5 or pH=
8.0. This remark was true either with or without MW irradiation. Similar variations were
evidenced, namely disappearance of the PVP 1661 cm™ band and appearance of the 1030 cm™
band. Only the band intensities were able to vary. No other band appearance or disappearance
was evidenced on all the registered spectra.

Table 4 shows the evolution of the PVP disappearance according to the ageing protocols. At
400 ppm, moving from pH 11.5 to pH 8.0 confirmed the ageing acceleration in static
immersion. At pH 8.0, the same disappearance was reached with a 4,000 ppm.d dose without
MW and a 12.5 ppm.d dose with MW irradiation, thus confirming the acceleration due to
microwaves.-All tested durations were insufficient to reach the PVP level of the membrane
aged at industrial scale but the trend of the PVP disappearance was significant.

After a 2,050 ppm.d TFC dose the degradation in UF conditions allowed to reach the level
observed on the industrial aged membrane.

Table 5 shows the evolution of the PES backbone degradation with respect to the ageing
protocols. Results confirmed that the PES backbone was much more stable than the PVP and
consequently quite difficult to degrade. UF conditions allowed to evidence the PES
degradation. Nevertheless trends suggested that it could also be possible, for longer and/or
optimised MW treatments.

These results suggested that it could be possible to select MW degradation conditions that
could be related only to PVP disappearance or to both PVP and PES degradation. This is an
interesting result that could be used in the future aiming at studying the respective impact of
the evolution of the two polymers on UF performances.

Insert Table 4 about here
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Insert Table 5 about here

4.2.2. Contact angle and polar/apolar balance evolution. The evolution of the polar/apolar
balance is given by the ys"o/vs"" ratio. A decrease in this ratio means a decrease in the
hydrophilic overall character of the membrane. Figure 13a depicts that the aged membranes
became less polar than the new one when NaOCI dose increased up to 10,000 ppm.d,
regardless of the pH in static immersion. Then the hydrophilic character increased but
remained lower than that of the virgin membrane.

Attempt of correlation between the vs"/y,™" ratio and the PVP content in the membrane
deduced from ATR-FTIR is shown Figure 13b.Obviously the polar/apolar character decrease
can be related to the PVP departure evidenced from ATR-FTIR spectra.” Roughly,
experimental data obtained at pH= 11.5 and pH= 8.0 followed the same global trends.
Nevertheless, some outlier data were observed at pH= 11.5 suggesting that this cannot be the
single explanation.

Insert Figure 13 about here

Remembering that the PES backbone modification can increase the hydrophilic character of
the aged membrane, the evolution in two times of the ys""/y=" ratio could be in good
accordance with a first rapid removal of PVP and a PES degradation starting after a sufficient
NaOCl dose. Table 6 shows the evolution of the polar/apolar character of some aged
membranes. These results cannot be discussed without the understanding of the previous
comment.

Insert Table 6 .about here

4.2.3. SEC-HPLC. Membranes aged for a long time in static immersion either at pH=11.5 or
pH= 8.0, were dissolved in CHCI; before. SEC-HPLC injection. Figure 14 shows that the
soluble fraction increased with the NaOCI dose received by the membrane, regardless of the
pH. This results is in good agreement with the PES backbone evolution.

Mn, Mw and PI are shown Figure 15 for different ageing protocols. Obviously,
simultaneously with the increasing amount of the soluble fraction, the characteristics of the
soluble fraction evolved. Clearly, SEC-HPLC was in good agreement with the PES C-S bond
cleavage, as it has been already suggested by the CI uptake (see above, SEM-EDX).

Insert Figure 14 about here
Insert Figure 15 about here

4.2. | UF performances according to ageing protocols

4.2.1. Permeance to water of membranes aged by static immersion or under MW. The
membrane permeance to water was measured with respect to the membrane ageing (Table 7).
The Lpaged/Lpnew ratio variation evidenced the permeance decrease with ageing down to 40%-
30% of the initial value. The permeance was close for membranes aged (1) close to 80,000
ppm.d at both pH 11.5 and pH 8.0 and (2) under pulsed micro-waves at 12.5 ppm.d at both
pHs. The decrease was in good accordance with the PVP removal already mentioned above.
The increase in the membrane hydrophobic character is in agreement with an increase of the
overall membrane resistance to water transfer. Nevertheless no simple relationship was found
between HPVP1661 band of ATR-FTIR spectra and membrane permeance.
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None of the tested conditions allowed to observe an increase in permeance as it was the case
for the membrane aged at industrial scale. Was it due to a too short MW irradiation time or to
absence of mechanical degradation in absence of UF conditions? The answer remained
unclear at this moment.

Insert Table 7 about here

4.2.2. Permeance to water of membranes aged in UF conditions. The membrane permeance
to water (L,) was measured for 8 flat membranes aged up to various NaOCl doses (Figure
16). Lp increased linearly up to a 2,500 ppm.d TFC dose with an excellent reproducibility.
Then the dispersion increased a little. However, the Lpaged/Lpnew ratio remained roughly linear
up to a 4,000 ppm.d dose (Figure 17). The permeance increase for this final dose was in-good
agreement with that estimated for the membrane aged at industrial scale from few
measurements achieved on several flat coupons of 127 cm? aleatory sampled in the industrial
spiral membrane (Figure 17). These results were in agreement with the assumption claiming
that ageing in UF conditions could be a real requirement to superimpose mechanical ageing to
chemical one.

Insert Figure 16 about here
Insert Figure 17 about here

4.2.3. Permeance to water of membranes aged by combination of UF and MW conditions. To
minimise the UF duration in NaOCI (with respect to the integrity of the UF pilot) combination
of short UF up to 500 ppm.d dose (1.25 day) and immersion under pulsed microwaves has
been tested. Simultaneously the power applied has been strongly decreased when compared to
that used in the trials described above with the multi-mode oven. A power equal to 60 W has
been previously shown to be efficient with the single-mode oven but this power cannot be
selected with the multi-mode oven used in the present study. Finally, 170 W has been
arbitrary selected because it was the lowest possible value with the multi-mode oven.

Figure 17 depicts that no permeance increase was observed after the short UF ageing. But
adding short MW irradiation times (up to 20 h, 833 ppm.d dose) allowed, as expected, to
increase the permeance. The degradation of both PVP and PES have been checked by ATR-
FTIR for a membrane aged by a combination of short UF + 12h MW (Figure 18).

Insert Figure 18 about here

4.2.4. Rejection of lysozyme and fouling. UF of lysozyme was achieved in standard conditions
at 50°C on pristine and flat membranes aged either in UF (Figure 19a) or in static immersion
with or without MW irradiation (Figure 19b). Whereas the protein rejection was full with the
new membrane, ageing protocols by static immersion with or without MW induced a more or
less pronounced decrease. This impact of membrane ageing on rejection was in good
accordance with industrial observations. It is well known in dairy that a-lactalbumin initially
retained by the pristine membrane is able to transfer in the permeate with an aged one
(generally the transmission can be increased up to 10-15% before the membrane being
changed). Of course, with respect to this criterion, time under MW irradiation had to be
optimised to adjust the treatment duration to the expected degradation level.

Insert Figure 19 about here
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5. Conclusions

The present study highlights potentiality of microwaves irradiation to accelerate
PES/PVP membrane ageing by NaOCI aiming at proposing a rapid ageing protocol useful at
laboratory scale for further fundamental studies to improve filtration performances of aged
membranes at industrial scale. Immersion of the UF membrane under pulsed MW (650 W) in
deionised water have no impact on the membrane chemical degradation as checked by ATR-
FTIR. On the contrary, irradiation by continuous MW (60 W, at a controlled temperature of
50°C) or by pulsed MW (650 W, with less temperature control) accelerate the degradation by
NaOCl, highlighting a MW impact that cannot be only related to thermal effects of MW.
The chemical degradation was followed by SEM-EDX, ATR-FTIR, SEC-HPLC and contact
angle measurements with a nice agreement between all results. Nevertheless, these physico-
chemical characterisations were not sufficient to conclude on/ the degradation
representativeness when compared to ageing at industrial scale. UF performances had also to
be checked and water flux as well as behaviour during UF of a model protein were
determined for this purpose.
Aiming at contributing to the understanding of the relative impact of chemical and
mechanical degradation, combination of a short UF step and short treatment under pulsed
MW (170 W) has been studied. The combination was demonstrated to be similarly efficient
as a single long UF step performed without any MW irradiation. These results suggest that
mechanical degradation cannot be reached by only MW irradiation. However this assumption
is in contradiction with our own more recent study highlighting that MW conditions can be
found to reach the expected ageing state [29].
Regardless of this last remark, conditions using MW exist to reach ageing state representative
of progressive membrane degradation atindustrial scale. Of course, adjustments of at least the
applied power, the irradiation duration of (pulsed) MW are required together with the control
of the overall matter present in the (given) oven.
To date, we have already transposed the present study using a quite NaOCl resistant PES/PVP
membrane to a less resistant one made of aromatic polyamide (RO) in order to evaluate the
harmlessness of non-oxidant biocides when compared to NaOCl. Adapation of MW
irradiation conditions were required, but the general trends confirmed the interest of MW
irradiation to study the ageing or stability of other polymer membranes [30]. So the
proof of concept is done and it seems that characterisation thanks to ATR-FTIR combined to
simple UF performances (water flux and rejection of a model solute) could be sufficient to go
ahead.
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Nomenclature section

Microwaves :

MW : micro-waves

ET : the penetration depth of MW (cm)

A : the wavelength of the MW (cm)

€' : the dielectric constant of the medium
¢"; : the dielectric loss of the molecule

P4 : the power of MW transferred per unit volume of material
¥: the medium conductivity

E : the local electric field intensity of MW
v : the MW frequency (Hz)

tan ¢: dielectric loss tangent

P: power delivered by the MW oven (W)

Membrane separation :

Lpo : permeance of pristine membrane to water (L.h™'.m™.bar™)
Lpaged : permeance of aged membrane to water (L.h'.m?.bar™h
Jo.water : pristine membrane flux to water (L.h'l.m'2)

TMP: transmembrane pressure (bar)

VRR : volume reduction ratio = Vfeed initial/ V feed final (dimensionless)
UF : ultrafiltration

Ageing in oxidant conditions :

TFC : total free chlorine (ppm)

D : dose in TFC (ppm)

NaOClyges : cumulative TFC dose (ppm.d)

ATR-FTIR characterisation :

[P]: the protein concentration on membrane (ug.cm™)

H, 240PES: the heightof the band-at 1240 cm™! attributed to PES (absorbance unit)

H 539 Prowin amide Iy o height of the band at 1539 cm™ attributed to protein amide II band
(absorbance unit)

SEC-HPLC:

Mn: apparent average molecular masses in number (g.mol ™)
Mw: apparent average molecular masses in weight (g.mol™)

P1: apparent polydispersity index, PI = Mw/Mn (dimensionless)

Contact angle measurements :

©:contact angle between the dried membrane and a given solvent(°)
vs : global superficial tension of the membrane (mJ.m™)

vs™" : apolar/hydrophobic contribution to yg (mJ .m™)

vs™ acid contribution to ys (mJ.m?)

vs"” base contribution to ys (mJ.m?)
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Tables

Table 1: penetration depth (ET) of MW in different solvent or materials for A = 12.2 ¢m at

2450 MHz
Solvents / materials T(°C) ET (cm)
Water 25 1.4
Rubber 25 15 to 350
PVC 20 210
Epoxy resin (araldite CN-501) 25 4100
Teflon 25 9200
Porous glass 25 35
quartz 25 16 000

Table 2: Evolution of the boiling point (bp) and of the Nucleation Limited Boiling
Temperature, (NLBT, under MW irradiation at 2450 MHz) of a selection of polar solvents

Solvent bp (°C) NLEBT (°C) | AT (°C)
H,O 100 104 4

EtOH 79 103 24
MeOH 65 84 19
CHyCL, 40 55 15
CH;CN 81 107 26
Propan-2-ol 82 100 18
(CH3),CO 56 81 25
BuOH 118 132 14
AcOEt 78 95 17
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Table 3: SEM-EDX analyses of virgin and aged flat membranes and comparison to industrial

aged spiral membrane.

. NaOCl dose . .
Ageing pH CU/S atomic ratio Reference
(ppm.d)
Aged membrane at industrial level
pH1L.5 unknown 0.033 = 0.005 [4, 25]
Flat membranes in 400 ppm NaOCl, 50°C
Static immersion
8,000 0.028
pH 1.5 40,000 0.033 Thislodl
H 80 4,000 0.024 4
pHLS. 8,000 0.033
under pulsed microwaves - multi-mode oven 680 W
333 0.024 .
pH 8.0 66.7 0.033 This study
UF in 400 ppm NaOCl, 50°C, 2 bar
pH 8.0 1,300 0.067 This study

Table 4: ATR-FTIR analyses of virgin and aged flat membranes and comparison to industrial

aged spiral membrane.

Ageing pH N?}?;Ii(é())se HPVP1661/HPE51240 Reference
New membrane
None
(7 membranes) 0 0.15+0.05
Aged spiral membrane at industrial level
pH11.5 unknown 0.06 [4, 25]
Flat membranes in 400 ppm NaOCl, 50°C
Static immersion
4,000 0.14
PHITS 8,000 0.13 This study
PH 8.0 4,000 0.09
) 8,000 0.08
under continuous microwaves (60 W) - single mode-oven
pH 8.0 333 0.10 This study
under pulsed microwaves (680 W) - multi-mode oven
pH 8.0 12.5 0.09 This study
UF in 400 ppm NaOCl, 50°C, 2 bar
pH 8.0 2,050 0.06 This study
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Table S: ATR-FTIR analyses of virgin and aged flat membranes and comparison to industrial
aged spiral membrane.

NaOCl d -backbone
a ose [PES-backbone 3 PES

(ppm.d) 1240 Reference

Ageing pH

New membrane

0 0.04 +£0.01 This study

None
(7 membranes)

Aged membrane at industrial level
pH11.5 unknown 0.29 [4, 25]
Flat membranes in 400 ppm NaOCl, 50°C
Static immersion

4,000 0.05
i 8,000 0.07 This study
pH 8.0 2,000 0.05
) 8,000 to 40,000 0.07
under continuous microwaves (60-70 W) — single-mode oven
pH 8.0 66.7 0.05 This study
under pulsed microwaves (680 W) — multi-mode oven
pH 8.0 12.5 0.04 This study
UF in 400 ppm NaOCl, 50°C, 2 bar
pH 8.0 4,100 0.13 This study

Table 6: Polar/apolar balance (ys*® / ys"") of the membranes deduced from contact angle
measurements.
. NaOCl dose
Ageing pH (ppm.d) s s
New membrane
None 0 0.25

Flat membranes in 400 ppm NaOCl, 50°C
static immersion

2,000- 4,000 0.08

pH 115 8,000 0.01

4,000 0.16

rAQ 8,000 0.04
under pulsed MW (680 W) — multi-mode oven

pH11.5 12.5 0.08

pH 8.0 12.5 0.16
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Table 7: Evolution of the water permeance (Lpaged/Lpnew) 0f aged flat membranes and
comparison to industrial aged spiral membrane.

NaOCl dose

Ageing pH L /L Reference
g gp (ppmd) Paged/ LPnew
New membrane
None 0 1.00 This study
Aged membrane at industrial level
3.5
pH1L1.5 unknown (estimation) [4, 25]
Flat membranes in 400 ppm NaOCl, 50°C
Static immersion
40,000 0.88
H11.5 52,800 0.30
81,200 0.30 .
40,000 0.88 Ris gy
pH 8.0 48,800 0.54
70,800 0.54
under pulsed microwaves (680 W) — multi-mode oven
pH 115 4.2 0.69
12.5 0.43 .
This study
H 8.0 4.2 0.54
Pt ©. 12.5 0.43
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List and captions of Figures

Figure 1: PES and PVP and theirs degradation products after NaOCI exposure at pH= 7.0-8.0
or pH= 11.5 according to available literature data.

Figure 2: Industrial micro-waves ovens
Figure 3: Microwaves in the electromagnetic spectrum

Figure 4: comparison of the heat transfer in a reactor containing water solution classically
heated or heated under MW

Figure 5. Picture and principle of a single-mode MW oven allowing power and/or
temperature regulation (CEM Explorer 24®)

Figure 6: Typical evolution of the power and temperature in a single-mode oven for set-
points aiming at regulation of temperature at 50°C, stable during at least 4h MW irradiation
(CEM Explorer 24®)

Figure 7. Domestic multi-mode MW ovens allowing supplying MW in a discontinuous mode
and as consequence no fine power regulation and possible sharp increase in temperature are
possible.

Figure 8: Evaporation of aqueous solutions depending on the power and form of the reactor
as well as on the number of reactors simultaneously presents in the oven. MW cycle: 30 min
MW + 5 min without any MW applied and so on. (Samsung oven, 23 L, black oven of Figure
7).

Figure 9: Picture of the oven and scheme of the entire 127 cm? flat membrane in the glass
reactor

Figure 10: ATR-FTIR spectra of the virgin membrane PES/PVP membrane (straight line)
and of the membrane aged at industrial scale at the end of its service life (dashed line). The
band located -at 1661 cm™ was assigned to PVP, that at 1030 cm™” to PES backbone
degradation and all others to PES. The degradation level will be expressed as the
HPVP1661/HPE81240 and HPES-backbone1030/HPESI240 ratios in the fOHOWil’lg.

Figure 11: SEM-EDX analyses (Cl to S atomic ratio) of membranes immersed in NaOCl at
pH 11.5 and 50°C and various concentrations up to 200 ppm TFC.

Figure 12: Scheme of the overall experimental approach

Figure 13: Evolution of the polar/apolar balance of membranes aged in static immersion in
400 ppm TFC solution at 50°C, at pH 11.5 (@) and pH = 8.0 (¢).

Figurel4: Peak height of the soluble fraction of the membrane in SEC-HPLC for membranes
aged in static immersion in 400 ppm TFC solution at 50°C, at pH 11.5 (@) and pH = 8.0 (¢).
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Figurel5: SEC-HPLC of the soluble fraction of the membrane aged in 400 ppm TFC NaOCl
solution at 50°C in static immersion or under pulsed MW either at pH= 11.5 or pH= 8.0.
(a)Apparent average molecular masses, (b) Polydispersity index

Figure 16: Permeance to water (at 50°C) of 8 flat membranes aged in UF conditions in 400
ppm NaOCI pH= 8.0. Each colour correspond to 2 membranes aged up to a same final dose in
ppm.d (green: 1,300 - blue: 2,050 - violet: 2,900 - orange: 4,100).

Figure 17: Permeance to water (at 50°C) of membranes aged in 400 ppm NaOCI pH= 8.0. (m)
in UF conditions up to 4,100 ppm.d. (®) by combination of UF (500 ppm.d) and pulsed MW
(170 W) up to a maximum of 833 ppm.d NaOCI dose — straight lines equations:

UF: y =0.0006 x + 0.7179with r’= 0.996

UF+MW: y = 0.0064 x — 1.8348 with r’= 0.98

Figure 18: ATR-FTIR of membrane aged by combination of short UF (500 ppm.d) and MW
(170 W, 200 ppm.d) compared with new membrane, industrial aged membrane and data from
(Rabiller-Baudry ef al., 2015) of a UF spiral membrane (6.7 m?) aged in UF conditions. (a)
degradation of PVP. (b) degradation of PES

Figure 19: Lysozyme UF in presence of NaCl 500 mM for various flat membranes. (a):
rejection by pristine, UF aged , aged in static immersion at pH=8.0

(b): rejection by (m) pristine membrane - Circles: pH= 11.5, triangles: pH= 8.0 — opened
symbols: static immersion — closed symbols: pulsed MW-680 W

(c): initial irreversible fouling of pristine, UF aged, aged in static immersion at pH=8.0
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Figure 1: PES and PVP and theirs degradation products after NaOCI exposure at pH= 7.0-8.0
or pH=11.5 according to available literature data.
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Figure 3: Microwaves in the electromagnetic spectrum
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Figure 5. Picture and principle of a single-mode MW oven allowing power and/or
temperature regulation (CEM Explorer 24®)

32



6‘ 300- < Set points :
~ T=50 C
2 200
B - Maximum power = 300 W
<
b5 Step 1: temperature increase: room to 50 Cin 5 min
2 100- n
g Step 2 : Regulation at 50 C
£ o
0 1 2 3 4
Time (h) ¢ Results:

300+
g Time <10min:20 C<T<70 C
5 200 Time> 10min: T=50 1C
2 f
I (1

2 Time <30 min: 0 <P <200 W
0-L a
Time > 30 min : P=60-W
0 1 2 3 4

Time (h)

Figure 6: Typical evolution of the power and temperature in a single-mode oven for set-

points aiming at regulation of temperature at 50°C, stable during at least 4h MW irradiation

(CEM Explorer 24®)
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Figure 7. Domestic multi-mode MW ovens allowing supplying MW in a discontinuous mode
and as consequence no fine power regulation and possible sharp increase in temperature are
possible.

34



reactor 1 reactor 2
+ glass coverage + film coverage

2 similar reactors simultaneously in the oven 'n' similar reactors simultaneously in the ovenat-300 W
400
350 A-moAe
300 m
250
200
150
100
e 50
0 Trag 0
0 20 40 60 80 100 120 140 160 0 50 100 150 200 250 300
MW Time (min) MW Time (min)

remaining volume (mL)

--=-reactor 1-300 W --¢ -reactor 1-450 W —®—reactor 2- 300 W B lreactor2 ~®—2reactors2 -4 -3 reactors2

Figure 8: Evaporation of aqueous solutions depending on the power and form of the reactor
as well as on the number of reactors simultaneously presents in the oven. MW cycle: 30 min
MW + 5 min without any MW. applied and so on. (Samsung oven, 23 L, black oven of Figure
7).
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Figure 10: ATR-FTIR spectra of the virgin membrane PES/PVP membrane (straight line)
and of the membrane aged at industrial scale at the end of its service life (dashed line). The
band located at 1661 cm™ was assigned to PVP, that at 1030 cm™ to PES backbone
degradation and all others to PES. The degradation level will be expressed as the
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37



0,035

0,030 /<.

0,025

0,020 / :
» / o
0101 0 e »

at% Cl /at% S

.......................... e 3
0,005
0,000 ‘ | | ‘
0 50 100 150 200 -
NaOCI (ppm TEC)

® day7 ® day15 day 31 day 75 —x-day 90

Figure 11: SEM-EDX analyses (Cl to S atomic ratio) of membranes immersed in NaOCI at

pH 11.5 and 50°C and various concentrations up to 200 ppm TFC.
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Figure 12: Scheme of the overall experimental approach
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Figure 13: Evolution of the polar/apolar balance of membranes aged in static immersion in
400 ppm TFC solution at 50°C, at pH 11.5 (e) and pH = 8.0 (#).
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Figurel4: Peak height of the soluble fraction of the membrane in SEC-HPLC for membranes
aged in static immersion in 400 ppm TFC solution at 50°C, at pH 11.5 (e)and pH = 8.0 (¢).
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Figurel5: SEC-HPLC of the soluble fraction of the membrane aged in 400 ppm TFC NaOCl
solution at 50°C in static immersion or under pulsed MW either at pH= 11.5 or pH= 8.0.
(a) Apparent average molecular masses, (b) Polydispersity index
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Figure 16: Permeance to water (at 50°C) of 8 flat membranes aged in UF conditions in 400
ppm NaOCI pH= 8.0. Each colour correspond to 2 membranes aged up to a same final dose in
ppm.d (green: 1,300 - blue: 2,050 - violet: 2,900 - orange:4,100).
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Figure 17: Permeance to water (at 50°C) of membranes aged in 400 ppm NaOCl pH= 8.0. (m)
in UF conditions up to 4,100 ppm.d. (®) by combination of UF (500 ppm.d) and pulsed MW
(170 W) up to a maximum of 833 ppm.d NaOCI dose — straight lines equations:

UF: y=0.0006 x + 0.7179with r’=0.996

UF+MW: y = 0.0064 x — 1.8348 with r’= 0.98
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Figure 18: ATR-FTIR of membrane aged by combination of short UF (500 ppm.d) and MW
(170 W, 200 ppm.d) compared with new membrane, industrial aged membrane and data from
(Rabiller-Baudry et al., 2015) of a UF spiral membrane (6.7 m?) aged in UF conditions. (a)
degradation of PVP. (b) degradation of PES
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Figure 19: Lysozyme UF inpresence of NaCl 500 mM for various flat membranes. (a):
rejection by pristine, UF aged , aged in static immersion at pH=8.0
(b): rejection by (m) pristine membrane - Circles: pH= 11.5, triangles: pH= 8.0 — opened
symbols: static immersion — closed symbols: pulsed MW 680 W
(c): initial irreversible fouling of pristine, UF aged, aged in static immersion at pH=8.0
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