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Abstract

Ozone is a strong oxidant applied in water treatment for disinfection and organic and inorganic
pollutants removal. It can be coupled with membrane processes as a pre-treatment or post-
treatment as well as in a hybrid configuration. In this study, we investigated the resistance of
three commercial polymer nanofiltration membranes (NP10, NF90 and NF270) in contact with
ozone (10 ppm for 1 h) at pH 3 and 7 to assess the influence of the ozone to hydroxyl radical
concentrations balance. The surface properties of membranes were characterized before and
after ozonation by means of various techniques, i.e. Fourier transform infrared spectroscopy in
attenuated total reflectance mode (ATR-FTIR), zeta potential, water contact angle, X-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM) and scanning electron
microscopy (SEM). For all membranes, the impact of ozonation on pure water permeability
was greater at pH 7 than pH 3 due to the faster decomposition of ozone at pH 7 leading to the
formation of more free radicals. A decrease in the NP10 membrane permeability (up to 25%)
was obtained after ozonation. ATR-FTIR, zeta potential and SEM revealed a fairly good
resistance of the polyethersulfone (PES) matrix to ozonation (thanks to the protective effect of
electron-withdrawing sulfone groups) under the exposure conditions of this study but the
polyvinylpyrrolidone (PVP) additive was substantially oxidized. XPS indicated that the
degraded PVP was not released from the PES matrix. It was suggested that the decrease in the
NP10 membrane permeability might result from a cross-linking process between macroradicals

of degraded PVP chains. In contrast to what was observed with the NP10 membrane, the pure
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water permeability of the thin-film composite polyamide (PA) membranes dramatically
increased after ozonation. The fully aromatic NFOO membrane appeared to be even more
sensitive to ozone than the semi aromatic NF270. The different resistances of NF90 and NF270
membranes were attributed to the different amine monomers used for the synthesis of their
active layer. Indeed, m-phenylenediamine used in interfacial polymerization of the NF9O0 active
layer is an aromatic amine (aromatic rings are sensitive to ozonation) and is less basic than the
non-aromatic piperazine used to develop the NF270 membrane (protonation of amines
contributes to protect them from electrophilic attacks). For both PA membranes, ATR-FTIR
and SEM indicated severely damaged active layers. The very sharp increase in the NF90 and
NF270 permeabilities was attributed to the removal of active layer fragments, which was found
compatible with both zeta potential and water contact angle measurements.

Keywords: Nanofiltration, ozone, polyethersulfone, polyvinylpyrrolidone, polyamide.



1. Introduction

The global demand for membrane processes has been steadily growing due to their numerous
advantages in terms of environmental foot print. Pressure-driven membrane processes, which
include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO),
are widely used for water treatment. Nowadays, one of the major concerns is the presence of
toxic pollutants in water streams such as pesticide, endocrine disrupting compounds and
pharmaceutical agents. NF is a separation process whose molecular weight cut-off (MWCO)
lies in the range ~200 - 1000 Da [1]. NF membranes can therefore reject a wide range of small
organic and inorganic compounds [2,3] and provide high quality water for various applications
[4-6].

To date, most NF membranes are thin-film composite (TFC) membranes made of a polyamide
(PA) active layer on top of a polysulfone (PSf) microporous support reinforced with a
nonwoven substrate [7]. Although the exact composition is not fully disclosed by suppliers, it
is well known that most TFC PA membranes are made by interfacial polymerization between
trimesoyl chloride (TMC) and m-phenylenediamine (MPD) or piperazine (PIP) [8,9]. Some of
the low MWCO polyethersulfone (PES) membranes can also support NF applications. The
main drawback of PES is its relatively hydrophobic character. Thus, one effective way to
produce hydrophilic PES membranes is to incorporate hydrophilic agents such as
polyvinylpyrrolidone (PVP), chitosan, polyethylene oxide or polyethylene glycol via additive
blending [10].

Membrane fouling is the main drawback of pressure-driven membrane processes. It can be
defined as the decrease of filtration performance due to the accumulation of the rejected
compounds at the membrane surface and/or inside pores. Organic and inorganic compounds
can accumulate on membrane surface and form a cake or gel layer, which may cause a
significant increase of the hydraulic resistance, thus leading to the reduction of the membrane
permeability and a substantial increase in operating and maintenance costs [11-13]. Although
considerable efforts have been made to reduce the occurrence of membrane fouling, chemical
treatments are needed on a regular basis to clean the membranes.

An option to mitigate membrane fouling consists in pre-treating the feed solution in order to
reduce the amount of foulant species. It can be done by means of ozone (O3), which has been
recognized for its disinfectant and oxidative actions in drinking and wastewater treatments.
Ozonation combined with membrane separations offers new opportunities [14]. Indeed, NF is

a separation process enabling micropollutants concentration while ozonation is a destructive
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technique able to eliminate micropollutants and break down membrane foulants very effectively
[4]. Os is a strong oxidant that can affect a great variety of organic micropollutants including
many pesticides, drugs, etc. [15]. Its reactivity in water is due to both direct reactions with
molecular ozone and indirect reactions involving radicals generated during ozone
decomposition in water [4,16-18]. O3 being strongly electrophilic, it reacts easily with double
bonds, electron-rich aromatic systems, amines, sulfides, etc... The stability of ozone in water
strongly depends on the water matrix [19]. Ozone decomposition in natural water can be
initiated thanks to reactions with hydroxide anions, some moieties from natural organic matter
and some inorganic compounds (e.g. hydroperoxide anions)[20]. This decomposition leads to
radical chain cycles involving several free radicals such as hydroxyl radicals (HO®) or
superoxide radicals (O2"") [16,20]. Thus, the properties of the water matrix strongly affect ozone
decomposition, especially the pH, the organic matter content and the hydrogen carbonate
concentration. Typically, an increase in the pH leads to a faster ozone decomposition rate and
a higher free radicals generation [19,20]. Hydroxyl radicals are considered as the main reactive
species generated during ozone decomposition [21]. They are extremely reactive (most
reactions with organic compounds have reaction rate constants in the range 10’- 10° L mol* s°
1y and poorly selective [17].

Different studies were dedicated to coupling of ozonation and membrane processes, including
ozonation as a pre-treatment or post-treatment step as well as hybridization of both processes
or use of membrane contactor to achieve ozone transfer in solution [22-37]. Although inorganic
membranes have been recommended for coupling with ozonation (due to their high chemical
resistance), polymeric membranes are usually used for water treatment applications because of
lower manufacturing cost. Some authors investigated the resistance of polymer materials in
contact with ozone. For instance, Goto et al. studied the chemical reactivity of various polymers
with ozone and showed the greater sensitivity of polymers containing C=C double bonds
compared with polymers having only single C-C bonds [38]. It should be stressed, however,
that studies addressing the impact of ozone on polymer membranes are scarce [15,39]. The aim
of this work was therefore to assess the resistance of several NF polymer membranes when
exposed to dissolved ozone at two different pH in order to assess the influence of the ozone to
free radicals balance (3 and 7). The membranes were characterized by various technigques before
and after exposure to ozone in order to gain insights into the impact of ozonation on their surface
properties. Modifications of the latter were then correlated with variations of the membrane

pure water permeability.



2. Material and methods
2.1. Chemicals

Electrolyte solutions used for electrokinetic measurements were prepared from potassium
chloride (KCI) (> 99%, Fisher Scientific) and deionized (DI) water. Potassium hydroxide
(KOH), sodium hydroxide (NaOH) and hydrochloric acid (HCI) were used for pH adjustment.
Ethanol (>99%, Fischer Scientific) was used to prepare water/ethanol mixtures in order to clean
membranes and remove potential preservative agents prior to use. Tertiobutanol (Acros

Organics, analytical grade) was used as a free radical scavenger.

2.2 Membranes

Three commercial flat-sheet NF membranes were used in this study: a PES-based membrane
(NP10 from Microdyn Nadir) and two TFC PA membranes (NF270 and NF90 from Dow
Filmtec) made of different monomers. The chemical structures of these polymer membranes

are shown in Table 1.

Table 1. NF membranes used in this work.
MWCO Chemical structure of the

(Da) active layer

Membrane | Manufacturer Active layer

Polyethersulfone

NP10 Microdyn (PES) + 1000- PES
Nadir polyvinylpyrrolidone | 1200 M
(PVP) C?‘ 5

PVP (additive)

polyamide (PA) 200 cook

NF90 Dow Filmtec Fully aromatic 100- (?; 7 \©/ Q/ 7 U
‘EH




Semi aromatic 200 - C\Q/C_N\_/N “ C‘NCN
polyamide (PA) 300 g=0 Loon

NF270 Dow Filmtec

2.3. Membrane ozonation set-up and procedure

Before use, all membranes were cleaned to remove potential preservative agents according to
the following protocol: sonication in a 50/50 (v/v) water/ethanol mixture followed by rinsing
with DI water and sonication (twice for 2 min). After cleaning, all membrane coupons were
stored in DI water. The membranes were further exposed to ozonated water according to the
following procedure. Two liters of ultra-pure water were set at pH 3 or 7 using hydrochloric
acid (1 M) and sodium hydroxide (1 M) solutions. The solution was further ozonated in a semi-
batch gas-liquid reactor (Figure 1) equipped with a porous diffuser until the gas-liquid
equilibrium was reached. An ozone flow-rate of 50 NL.h! with an inlet 0zone gas concentration
around 50-60 g.Nm (depending on the solution pH) was produced using an ozone generator
(BMT 803N, Germany) fed with oxygen gas (Gaz Liquide, France). These conditions enabled
to reach a dissolved ozone concentration at equilibrium around 10 ppm at equilibrium (after 30
min). The dissolved ozone concentration at equilibrium was quantified by the indigo method
on at least three samples withdrawn directly in the gas-liquid reactor. The temperature was kept
constant at 20 £ 1°C using a thermostatic bath. When the gas-liquid equilibrium was reached
inside the reactor, a membrane pump (KNF, Germany) was turned on to feed the recirculation
line while the ozone equilibrium was maintained in the gas-liquid reactor. The recirculation line
contained a float-type flowmeter (Brooks Sho-Rate, USA), a dissolved ozone analyzer (ATI
Q45/H, USA) to check the dissolved ozone concentration and a 500 mL flask containing the
membrane coupon (4.5 cm x 4.5 cm). The flow-rate was kept constant at 18 L h* in the
recirculation line. After 1 h of exposure (corresponding to an applied ozone dose at the flask
inlet of 180 mg for each experiment), the ozone generator was turned off allowing to quickly
strip the dissolved ozone in solution in the gas-liquid reactor. When the amount of dissolved
ozone became negligible (i.e. after a few minutes), the pump was turned off and the system was
drained to collect the ozonated membranes. The latter were then thoroughly rinsed with DI
water and stored at 4°C until characterization.
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Figure 1. Experimental set-up for membrane ozonation.

It is worth mentioning that ozonation in aqueous solutions involves reactions with either
molecular ozone and with reactive oxygen species, mainly hydroxyl radicals HO® but also
027, HO?", etc.[16]. A complex chain of radicals is formed in the degradation of ozone, which
depends on the medium. For instance, in pure water, the ozone decomposition is mainly
initiated by the hydroxyl anion (see Supplementary Information). Accordingly, working at
acidic pH allows to slow down the ozone decomposition (around 5 times compared to at pH 7
[40] ) and the radical generation. At neutral pH, the ozone decomposition is faster and
concomitant with a significant radical generation. Consequently, a higher exposition to
molecular ozone and a lower exposition to radicals occurs at pH 3 than at pH 7 and vice versa.
However, it is not possible to completely avoid radicals at pH 3 (except using a radical
scavenger) and to avoid molecular ozone at pH 7. Indeed, the hydraulic residence time in the
vessel containing the membrane was less than 2 minutes and was thus lower than the typical
reaction time corresponding to the ozone decomposition. For example, at pH 7, a first-order
reaction rate constant relative to the ozone decomposition of around 0.001 s* is expected [40].
It means that the ozone half-life time would be higher than 10 minutes. Thus, even if the

membrane presence is likely to decrease slightly the ozone life-time (due to ozone-polymer



reactions), molecular ozone was then still present in solution at pH 7 at the flask outlet, showing

that both reactions with radicals and molecular ozone can be potentially involved.

2.4 Membrane characterization
2.4.1. Zeta potential

Membrane zeta potential was determined using a SurPASS electrokinetic analyzer (Anton Paar
GmbH, Graz) equipped with Ag/AgCI electrodes and an adjustable-gap cell. The streaming
current technique was preferred over the streaming potential to avoid any potential contribution
of the electrical conduction through the membrane support [41,42]. Measurements were
conducted at room temperature with 0.001 M KCI background solutions in the pH range 3-9
(the pH was adjusted with 0.05M HCI and KOH solutions). The distance between the membrane

samples (dimensions: 2 cm x 1 cm) was set to 100 + 5um.

2.4.2. Attenuated Total Reflectance- Fourier Transform Infrared (ATR-FTIR)

In order to characterize chemical modifications induced by ozonation, the ATR-FTIR spectra
of membranes were recorded using a PerkinElmer Spectrum™ 100 FTIR spectrometer.
Samples were measured in attenuated total reflectance (ATR) mode with a diamond crystal
(single reflection; incidence angle: 45°). Each spectrum was averaged from 25 scans in the
range 600—3700 cm™ ! at a resolution of 2 cm™t. Membrane samples were vacuum-dried for 72

h prior to analysis.

2.4.3. X-ray photoelectron spectroscopy (XPS)

XPS spectroscopy was performed with a Kratos Analytical spectrometer (Shimadzu)
employing the monochromatic aluminum Ka radiation as X-ray excitation source (1486 eV).
Membrane samples were mounted on a sample holder with adhesive tape and kept overnight at
high vacuum in the preparation chamber before they were transferred to the analysis chamber

of the spectrometer. CasaXPS software was used for acquisition and data analysis.



2.4.4. Scanning electron microscopy (SEM)

Membrane morphology was characterized by scanning electron microscopy (SEM) with a
JOEL JDM 7100F microscope. Membrane samples were coated with an Au/Pd alloy prior to

analysis.

2.4.5. Atomic Force Microscopy (AFM)

Topography of membrane surfaces was characterized with an NTEGRA AFM microscope.
Imaging was performed in tapping mode with an etched silicium probe (spring constant:
1.6N/m, resonant frequency: 50-80 kHz). Scanning area was10umx10um. Gwyddion software

was used to determine roughness parameters.

2.4.6. Water contact angle

Contact angles were measured by the sessile-drop method using a DIGIDROP GBX-DS
apparatus. A syringe was used to deposit DI water droplets with controlled size. Contact angles
were determined by means of a video capture system and the Windrop++ software. The reported
contact angles are the average of 20 measurements performed at different locations on the
membrane surface (errors are indicated by standard deviations). Measurements were performed

at room temperature. Membrane samples were vacuum-dried for 72 h prior to measurements.

2.4.7. Pure water permeability

Permeation tests were performed with a Millipore stirred cell (dead-end mode) and 300 mL of
DI water. The active surface area of membrane samples was 32.5 cm?. Experiments were
carried out at various working pressures ranging from 1 to 5 bar and at room temperature.
Permeability values are given at 20°C after viscosity correction. Prior to measurements, the
membranes were first compacted at 5 bars with DI water for at least 4 h until a constant flux

was reached.



3. Results and discussion

3.1. Polytethersulfone (PES) membrane

ATR-FTIR spectra of NP10 membranes before after exposure to ozone are shown in Figure 2.
The bands located at 1104 cm™, 1485cm 2, 1576 cm ™ (aromatic rings), 1147 cm ™, 1165 cm 2,
1296 cm?, 1321 cm™ (sulfone) and 1238 cm™ (ether) are characteristics of PES [43].
Furthermore, the spectrum of the virgin membrane showed an absorption band at 1668 cm™
that was associated with the amide band (stretching vibration of the C=0 double bond of the
amide group) of the PVP additive [44].

—Virgin membrane —~0zonated membrane at pH3
—~Ozonated membrane at pH7 —~Ozonated membrane at pH 7 with tBuOH
]
o
c
©
o
S
[}
[72]
o
<
T T T T T 1
1800 1600 1400 1200 1000 800 600

Wavenumber (cm™)
Figure 2. ATR-FTIR spectra of NP10 membranes (virgin membrane and ozonated

membranes at pH 3 and 7).

The broadening and decrease in intensity of the amide band of PVVP was observed for ozonated
membranes, whatever the pH. The oxidation of PVP by hydroxyl radicals (HO"), leading to the
formation of succinimide groups (scheme 1), has been reported after photo-oxidation [45],
thermo-oxidation [46] or exposure to sodium hypochlorite under alkaline conditions [46,47].

Succinimides (cyclic imides) are characterized by two bands located at 1700 and 1770 cm™
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[48]. However, Pruhlo et al. reported that the band at 1700 cm™ could be masked so that only a
broadening of the initial amide band could occur [46]. Conversely, Hanafi et al. observed the
appearance of a shoulder at 1700 cm™ but the band at 1770 cm™ was only detected under very
harsh ageing conditions by sodium hypochlorite (400 ppm free chlorine at pH 8 for at least 20
days) [47]. Figure 2 shows qualitatively similar results as those reported by Hanafi et al. with a

shoulder at 1700 cm™ after membrane ozonation but no band at 1770 cm™.

N OH N 0o 0,

- N
(P —(F "™ == — "

e o

Scheme 1. Formation of succinimides resulting from the attack of PVP by hydroxyl radicals
(adapted from [46]).

Interestingly, the shoulder at 1700 cm™ also appeared on the spectrum of the ozonated
membrane at pH 3 for which the amount of free radicals generated should be low. It means that
molecular ozone might be also able to attack PVVP and that succinimides might also be formed
by a non-radical mechanism (scheme 2). That was confirmed by additional ozonation
experiments performed at pH 7 in the presence of tertiobutanol (tBuOH), introduced at 0.01 M,
acting as a free radical scavenger. The electrophilic Oz reacts primarily with the nitrogen atom
of nucleophilic organic nitrogen compounds with rate constants depending on the partial charge
of the nitrogen atom. Our results are in line with those of Tachibana et al. who studied the
reactions of various pyrrolidone derivatives with ozone at pH 2 and identified the formation of
N-alkyl succinimide by both gas chromatography — mass spectroscopy and *3C nuclear

magnetic resonance [49].
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Scheme 2. Formation of succinimides resulting from the electrophilic attack of PVP by

molecular ozone (adapted from [49]).

The characteristic bands of PES were not impacted after ozonation of the NP10 membrane, thus
suggesting that PES was not degraded by ozone (under the exposure conditions of our study).
It has been well-established that ozone reacts with electron-rich aromatic compounds [16].
Aromatic rings of PES appeared, however, quite resistant. It results from the strong electron-
withdrawing effect of the neighboring sulfone group (SO2), which decreases the electron
density on the aromatic ring. Hydroxylation of PES aromatic rings resulting from substitution
of hydrogen by HO" has been reported in the literature with the appearance of an additional IR
band in the range 1030 - 1035 cm™[46,47]. Besides, the cleavage of the C-S bond after exposure
of PES membranes to sodium hypochlorite [50] or hydrogen peroxide [51] has been reported,
with the formation of sulfonic acid groups (-SOsH) and the appearance of an IR band in the
same region as for hydroxylation of PES aromatic rings [50]. Only a tiny band seemed to
emerge around 1030 cm™ for NP10 membranes exposed to ozone at pH 7 (see Figure 2). The
above-mentioned results enabled us to conclude that the degradation of PES, if any, was
negligible. The fairly good resistance of PES was confirmed by additional ozonation

experiments performed with PES powder (see Supplementary Information).

Table 2 shows the elemental composition obtained by XPS for both virgin and ozonated NP10
membranes. As sulfur (S) and nitrogen (N) atoms are contained only in PES and PVP,
respectively, the N/S atomic ratio can be considered as a direct evaluation of the fraction of
PVP present at the membrane extreme surface [52]. This ratio remained constant (0.39 + 0.01)
after exposure to ozone, which indicates that the degradation products of PVP remained
“trapped” into the PES matrix and were not released from the membrane. A possible reason is

that PVP can undergo a cross-linking process under action of ozonation as it has been reported
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in several studies dealing with advanced oxidation processes [45,53]. Indeed, Wienk et al.
demonstrated by means of steric exclusion chromatography that PVVP-chain scission occurred
upon radical oxidation [54]. The latter leads to the formation of macro alkyl radicals by the
abstraction of a hydrogen atom from the PVP backbone or the pyrrolidone ring [45] .These
macro radicals are further likely to form covalent bonds in an intermolecular cross-linking
process [55]. Suave et al. notably attributed the formation of hydro gel by PVP after
TiO2/03/UV treatments performed in the pH range 3 - 7 to their combination of such macro
alkyl radicals [53].

Table 2. Elemental composition (atomic percentages) at the surface of NP10

membranes before and after exposure to ozone.

S2p(%) | C 1s(%) | N 1s(%) | O 1s(%) | Ratio N/S
Virgin membrane 6.7 62.2 25 29.8 0.38
Ozonated at pH3 8.3 56.8 3.3 31.4 0.40
Ozonated at pH7 5.6 64.4 2.2 27.6 0.39

Figure 3 shows the pH dependence of the zeta potential for NP10 membranes before and after
ozonation at pH 3 and 7. The virgin membrane exhibited electrokinetic features in good
agreement with those reported in the literature for PES/PVP membranes, i.e. a negative zeta
potential over a wide range of pH and an isoelectric point around pH 3 [44,56]. After exposure
to ozone, membranes had a more negative zeta potential, whatever the pH at which ozonation
was carried out. This indicates a change in the surface chemistry of ozonated membranes. The
more negative zeta potentials of ozonated membranes can be due to the degradation products
of PVP such as e.g. succinimides. It has indeed been established that succinimides easily
undergo hydrolysis leading to the opening of the pyrrolidone ring and the formation of
carboxylic acid groups (Scheme 3). It is worth noting that even though the zeta potential of
ozonated membranes was found to be substantially more negative than the virgin membrane,
the membrane isoelectric point (iep) was only weakly impacted, with a slight shift towards more
acid pH. Indeed, extrapolation of the electrokinetic data reported in Figure 3 indicates that the
shift of the membrane iep after ozonation was less than 0.5. This finding confirms the
conclusion drawn from ATR-FTIR analysis about the fairly good resistance of PES. Indeed, a
non-negligible cleavage of C-S bonds in PES, and the resulting formation of sulfonic acid

13



groups (strong acids), should have resulted in a substantial shift or even disappearance of the
membrane iep as it was reported by Hanafi et al. for PES membranes exposed to sodium
hypochlorite [44,47].

10 -
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Figure 3. pH dependence of the zeta potential () of NP10 membranes before and after

exposure to ozone.

N_70 0 o N_ OH *N7 ~OH

RO A
2

Scheme 3.Hydrolysis mechanism of succinimides (adapted from [54]).

Water contact angles values determined with virgin and ozonated membranes are presented in

Table 3. After ozonation, NP10 membranes exhibited lower contact angle values than the virgin
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membrane. It indicates an increase of surface hydrophilicity, which is consistent with the

formation of carboxylic acids as end products of PVP degradation.

Table 3. Water contact angle of NP10 membranes before and after exposure to ozone.

Virgin membrane | Ozonated membrane at pH 3 | Ozonated membrane at pH 7

92 +3° 61 + 3° 77 +2°

SEM and AFM were used to evaluate the influence of ozone on NP10 membrane
microstructure. The microscale morphology revealed by SEM indicated a rather dense surface
for all membranes (Figure 4). No significant modification of the morphology was observed
after exposure of NP10 membranes to ozone. However, AFM revealed that the surface of
ozonated membranes was substantially rougher compared to the virgin membrane (Table 4).
As discussed above, ozonated PVP can cross-link by recombination of macro alkyl radicals.
Such a cross-linking process might induce conformation change of polymer chains, resulting in
an increase in surface roughness. It might have a detrimental effect on membrane performance
as an increase in surface roughness increases is likely to make the membrane more prone to

fouling [57] due to reduced repulsive energy barrier compared to smooth surfaces [58].

Table 4. Roughness of NP10 membranes before and after exposure to ozone.

Ra: average roughness; Rrms: root-mean-square roughness.

Virgin membrane

Ozonated at pH3

Ozonated at pH7

Ra (nm)

47.5

105.2

166.2

Rims (nmM)

66.4

137.7

246.2
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Figure 4. SEM images of NP10 membranes before and after ozonation (scale bar: 1 um). (a)

Virgin membrane; (b) Ozonated membrane at pH 3; (c) Ozonated membrane at pH7.

Figure 5 shows the pure water permeability (L) of NP10 membranes before and after ozone
treatment. Strikingly, L, was found to decrease after exposure to ozone unlike what was
reported for cellulose acetate membranes [39] . This finding could be explained by cross-linking
reactions underwent by PVP during ozonation, which are likely to make the membrane matrix
a bit denser. Pure water permeability appeared to be a bit more impacted for the membrane
ozonated at pH 7, which is probably related to the favored decomposition of ozone and the
greater amount of HO® produced at higher pH. It should be stressed, however, that the drop of
Lp did not exceed 25 %.
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Figure 5. Pure water permeability (Lp) of NP10 membranes before and after ozonation.

3.2. Polyamide (PA) membranes

Figure 6 shows the ATR-FTIR spectra of NF90 and NF270 membranes before after exposure
to ozone. Both membranes are TFC PA membranes obtained by interfacial polymerization on
a PSf microporous layer and a macroporous polyester support. NF90 is a fully aromatic PA
membrane prepared from TMC and MPD while the monomers used to synthesize the active
layer of the NF270 semi-aromatic membrane are TMC and PIP [59] .

The characteristic bands of fully aromatic PA membranes are (see the ATR-FTIR spectrum of
the virgin NFO90 membrane in Figure 6a) (i) the amide | band (1663 cm™) assigned to C=0
stretching, C-N stretching, and C—C—-N deformation vibration in a secondary amide group, (ii)
the amide 11 band (1541 cm™) assigned to N-H in-plane bending and N-C stretching vibration
of a secondary amide group, and (iii) the band at 1609 cm~ which is associated with aromatic
amides (N-H deformation vibration and C=C ring stretching vibration) [60]. Whatever the
ozonation pH, the characteristic bands of the NF90 membrane disappeared after exposure to
ozone, with only a shoulder remaining at 1609 cm™. These results highlight the significant
degradation of the NFOO membrane. Furthermore, it can be drawn from results shown in Figure
6a that both molecular ozone and hydroxyl radicals contributed to NF90 membrane attack. The
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electrophilic O3 reacts primarily with the nitrogen atoms of PA membranes. Both the secondary
amides and the terminal primary amines of the NF90 membrane were therefore attacked by
molecular ozone, with a faster kinetic for amines as the oxygen atom in amide group weakens
the electron density on the nitrogen atom [17]. A severe degradation of the aromatic rings of
NF90 membrane also occurred as revealed by the almost complete disappearance of the band
at 1609 cm™. It should be stressed that, compared to PES, the aromatic rings of PA are less
resistant to ozone attack because they are not protected by the strong electron-withdrawing
effect of the sulfone group present in PES.

The disappearance of the characteristic band of the NF 270 semi-aromatic PA membrane, i.e.
the amide | band located at 1630 cm™ [59], was observed after ozonation at both pH 3 and 7,
thus indicating a substantial degradation of the NF270 membrane too (Figure 6b). It was
accompanied by the appearance of a new band located at 1725 cm™, which is associated with

stretching of carbonyl groups in ketones [61,62].
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Figure 6. ATR-FTIR spectra of TFC PA membranes (virgin membranes and ozonated
membranes at pH 3 and 7). (a) NF90; (b) NF270.

The zeta potential of both TFC PA membranes (NF90 and NF270) before and after ozonation
is reported in Figure 7. Both membranes were found more negatively charged after ozonation.
Direct attack by molecular ozone is a selective reaction which, in many cases, results in the
formation of carboxylic acids as end products [63]. For instance, the aromatic rings of both
NF90 and NF270 membranes can be attacked by ozone via a Criegee-like mechanism [64] with
the formation of an ozonide and its breakdown leading to the formation of carboxylic acid
groups [17]. This mechanism most likely contributed to the more negative surface charge
density of NF90 and NF270 membranes after ozonation. Interestingly, the zeta potential of the
NF90 membrane was found to be more negative for the membrane that underwent ozonation at
pH 7 (Figure 7a) whereas almost no impact of the ozonation pH was observed for the NF270
(Figure 7b). Compounds containing an amine group lose their ozone reactivity upon protonation
because amine protonation limits the electrophilic attack of Oz by decreasing the electronic
density on the nitrogen atom [17]. As stated above, NFO0 and NF270 are synthesized from
MPD (aromatic amine) and PIP (non-aromatic amine), respectively. MPD is less basic than PIP
because the aromatic ring of MPD allows conjugation between the lone electron pair of the

nitrogen atom and the & electrons of the aromatic ring. Terminal amines of the NF90 membrane
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are therefore likely to be protected against ozone when ozonation is performed at pH 3 but they
can be degraded when ozonated at pH 7 (the pKa of the MPD*/MPD system is about 5.1 at
25°C). That may explain why the NF90 membrane ozonated at pH 7 had a more negative charge
and a lower iep than the membrane ozonated at pH 3 (Figure 7a). In contrast, the terminal
amines of the NF270 membrane are expected to be protonated, and thus protected from ozone,
at both pH 3 and 7 (the pKa of the PIP*/PIP system is about 9.8 at 25°C), which may explain
why both the zeta potential and iep of the NF270 membrane were found to be only weakly

impacted by the ozonation pH (Figure 7b).

(a) 10 -
|
|
0 T T T T T T T 1 pH
) 3 m 4 5 6 7 8 9 10
@
-10 -
e N
A
_ 20
S A
£ [
s [4]
30 - -
A ° '. =
= [ m B
-40 A ® ] o o
A
A
A
50 A A A A a
W Virgin membrane
® Ozonated membrane at pH 3
60 -~ 4 Ozonated membrane at pH 7

20



(b) 10 ~
|
0 T T T T T T T 1 pH
3m 4 5 6 7 8 9 10
-10 - A -
[ ) ]
-20 - A
|
S n
_g_ 30 m
\p [ ]
|
-40 -
. n
|
» T R R
50 4 ®
.A
» @ - A
60 m Virgin membrane o e & o
® Ozonated membrane at pH 3

-70 - A Ozonated membrane at pH 7

Figure 7. pH dependence of the zeta potential () of TFC PA membranes before and after
exposure to ozone. (a) NF90; (b) NF 270.

Although the pristine NF90 and NF270 membranes had different iep (3.3 and 3.0, respectively),
it is worth noting that their iep turned out to be identical (around pH 2.3) after ozonation. These
results, together with the ATR-FTIR analysis (Figure 6), suggest that a substantial part of the
PA active layer was destroyed by ozonation and might indicate that a substantial part of the
surface of the ozonated membranes was actually made up of the (underlying) PSf layer. This
argument is supported by SEM images (Figures 8 and 9). For the NF90 membrane, the typical
ridge-and-valley morphology of fully aromatic PA membranes (Figure 8a) was found to be
erased after ozonation (Figures 8b and 8c), this being more pronounced for the membrane
ozonated at pH 7 for which HO" radicals resulting from ozone decomposition participated in
the membrane degradation. The virgin semi-aromatic NF270 membrane was found to have a
much smoother surface (Figure 9a) than the fully-aromatic NFO90 membrane as it was already
reported in the literature [59]. After ozonation, some areas of the NF270 membrane surface
showed significant cracks as shown in Figures 9b and 9c, thus revealing significant damage to
the membrane structure. It has to be kept in mind, however, that the formation of these cracks
might result from SEM operating conditions (i.e. high vacuum) and not directly from ozonation

itself. This argument is supported by the fact that the impact of ozonation on the membrane
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permeability was found greater for the NF90 than for the NF270 (see below) despite the fact
that no crack was observed on the NF90 active layer. It must be stressed, however, that no crack
was observed at the surface of the pristine NF270 membrane, thus indicating that the formation

of cracks resulted from the embrittlement of the active layer during ozonation.

Figure 8. SEM images of NF90 membranes before and after ozonation (scale bar: 1 um). (a)
Virgin membrane; (b) Ozonated membrane at pH 3; (c) Ozonated membrane at pH7.
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Figure 9. SEM images of NF270 membranes before and after ozonation (scale bar: 1 um). (a)

Virgin membrane; (b) Ozonated membrane at pH 3; (c) Ozonated membrane at pH 7.

Water contact angles values determined with virgin and ozonated NF 270 and NF90 membranes
are collected in Table 5. The contact angle measured with the virgin NFO0 membranes was
found to be 67 + 3°, in fairly good agreement with data reported in the literature [65-67]. The
surface of the NF270 membrane was found to be much more hydrophilic than the NF90
membrane, with a water contact angle of 23 £ 3° (it is worth mentioning that values reported in
the literature for this membrane are very scattered, ranging from 10° to more than 60° [7,66,68—
70]. After ozonation, NF270 membranes exhibited much higher contact angles (up to 62° for
the membrane ozonated at pH 7), thus indicating a less hydrophilic surface. No clear tendency
was obtained with the NF90 membrane. Strikingly, the standard deviation on the contact angle
measurements was found to increase dramatically for both membranes after ozonation (Table
5). This is most likely the result of the heterogeneous degradation of the membrane surfaces, as
shown in the SEM images (Figures 8 and 9). It is worth mentioning that the results shown in
Table 5 are also compatible with the hypothesis that part of the PSf layer appeared on the surface
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of ozonated membranes due to partial elimination of the PA active layer, as water contact angle

of PSf has usually been reported in the range 75-90° [71-74].

Table 5. Water contact angle of NF 90 and NF 270 membranes before and after exposure to

ozone.
NF90 NF270
Virgin Ozonated Ozonated Virgin Ozonated Ozonated
membrane membrane at | membrane at membrane membrane at | membrane at
pH 3 pH 7 pH 3 pH 7
67 £ 3° 55+7° 65+ 9° 23+ 3° 62 + 13° 41 +5°

Figure 10 shows the pure water permeability (Lp) of NP90 and NF270 membranes before and
after ozone treatment. In contrast to the results obtained for the NP10 PES membrane, a
significant increase in the permeability of both PA membranes was observed, this increase
being even more marked for the NF90 membrane. This indicates that the active layer of the
NF90 membrane underwent greater degradation than that of the NF270 membrane. In both
cases, a greater impact of ozonation on hydraulic permeability was observed at pH 7 than pH
3, which is explained by the additional action of hydroxyl radicals at pH 7 due to the faster
decomposition of ozone. After ozonation at pH 7, the hydraulic permeability of the NF270 and
NF90 membranes was found to increase by ~80 % and ~500 %, respectively. Such a dramatic
increase of Lp supports the argument mentioned above about the partial removal of the active

layer of TFC PA membranes.
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50 4

Figure 10. Pure water permeability (Lp) of NF90 and NF270 membranes before and after

ozonation.

4. Conclusion

The resistance of PES-based (NP10) and PA (NF90 and NF270) nanofiltration membranes to
ozone was investigated. Under the exposure conditions of this study (10 ppm of dissolved ozone
at pH 3 and 7 for 1h), no significant degradation of PES was observed, which can be explained
in part by the good resistance of its aromatic rings protected from electrophilic attack by the
presence of strongly electron-withdrawing sulfone groups. Conversely, PVP, which is used as
an additive to PES, was substantially degraded by ozone, in particular by the attack and opening
of its pyrrolidone ring. A decrease in the pure water permeability of the NP10 membrane, not
exceeding 25%, was observed after ozonation, which could result from cross-linking of
degraded PVP by recombination of macroradicals. Both PA membranes were extensively
degraded by exposure to dissolved ozone but at different levels due to the different chemical
composition of their active layer. The most severe damage was observed for the NF90
membrane, which has an active layer containing a higher number of aromatic ring and less basic
terminal amines than the semi-aromatic NF270 membrane. Characterization of membranes

after exposure to ozone suggested a partial removal of their active layer and the appearance of
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the polysulfone sublayer on the membrane surface. Permeability measurements supported this
statement since it was observed an increase in flux of up to 80% and 500% for the NF270 and
NF90 membranes, respectively. Overall, the degradation of all membranes was somewhat
greater at pH 7 than pH 3 due to the faster decomposition of ozone at pH 7 leading to the

formation of more free radicals.
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