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1. Introduction

ABSTRACT

Literature on the design of efficient nonfouling membranes by in-situ modification is poor, which can be
explained by the difficulty to control membrane formation mechanisms when a third material is
added to the casting solution, or by the lack of stability of matrix polymers with surface-modifiers.
We present polyvinylidene fluoride membranes formed by vapor-induced phase separation and
modified with a tri-block copolymer of poly(styrene) and poly(ethylene glycol) methacrylate moieties
(PEGMA 24-b-PS54-b-PEGMA ,4). After characterizing the copolymer, we move onto membrane forma-
tion mechanisms. Membrane formation is well controlled and leads to structure close to bi-continuous.
Considering the formulation chosen, PVDF/PEGMA ,4-b-PSs4-b-PEGMA >4 solutions are less viscous and
more hydrophilic than virgin PVDF solutions. Both effects promote non-solvent transfer, thus decreasing
the chances for crystallization. Hydrophilic capability of membranes is increased from about 59 mg/cm?>
to 650 mg/cm?, leading to a severe drop of non-specific protein adsorption, up to 85-90%, also depending
on its nature. Biofouling at the micro-scale by modified Escherichia coli and Streptococcus mutans is al-
most totally inhibited. Finally, biofouling is importantly reduced in dynamic conditions, as measured
from the water flux recovery ratio of 69.4%, after 3 water-BSA filtration cycles, much higher than with a
commercial hydrophilic PVDF membrane (47.3%). These membranes hold promise as novel materials for
water-treatment or blood filtration.

polymers are of major interest for their excellent bulk properties.
As far as PVDF is concerned, it is relatively inexpensive, chemically

The search for the perfect nonfouling porous membrane re-
mains one of the major targets of membranologists worldwide, as
fouling arises from a complex interplay of physical and chemical
phenomena that are difficult to anticipate. Another reason ex-
plaining this endless search is linked to the well-established
structure-property relationships of materials. For instance, redu-
cing the pore size and making a smoother interface shall permit to
physically mitigate fouling, but the downside is a logical decrease
of membrane permeability.

As resistance to fouling and in particular to biofouling is re-
cognized to be closely linked to the ability of polymer chains to be
surrounded by a protective hydration layer [1], it is harder to
achieve with hydrophobic polymers, such as poly(vinylidene
fluoride), polypropylene or poly(tetrafluoride ethylene). Yet, these
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and thermally stable, and membranes from PVDF can be readily
prepared by wet-immersion process, such that applications of
PVDF membranes are countless. Therefore, numerous teams in-
cluding ours have focused their efforts on the design of nonfouling
or at least low fouling PVDF membranes [2-8].

A number of routes exist to prepare nonfouling membranes,
going from surface modification processes to direct in-situ mod-
ification [1,9]. Surface modification processes involve self-assem-
bling methods, for which physical interactions are established
between the matrix polymer and the modifier [10,11], and che-
mical surface modification processes, arising in more stable in-
teractions between the membrane and the nonfouling moieties
[12-14]. These two-step processes are probably the most com-
monly tested by researchers in their quest for nonfouling mem-
branes, as commercial membranes with controlled porous struc-
ture are often used as substrates. Nevertheless, these methods
have two drawbacks: they are lengthy and they only permit to
modify the top-layers of the membrane. By lengthy, it is con-
sidered here that membrane must be prepared (or purchased)



before being surface-modified, and at least two unit operations are
required. As for the second disadvantage, it would not be a major
issue if the top-layer was perfectly nonfouling as biofoulants
would be repelled. But nonfouling property does not exist yet for
porous membranes, as far as we know. So, foulants managing to
permeate through the protective layer can then easily interact
with the matrix in the layers underneath, and lead to partial pore
blockage. In this respect, in-situ modification, in which formation
and modification are done all at once [6,15-17], can potentially
address these issues. In these methods however, the question of
formation mechanisms remain hard to address and structure
control is challenging. The effect of surface-modifier (often a block
or random copolymer) is often seen and often unpredictable, at a
same copolymer can act as a pore-former or as a pore suppressor,
depending on its concentration [18]. Therefore, a careful study of
the effect of copolymer on membrane formation should be sys-
tematically ran in parallel to that on nonfouling properties of
membranes.

Lately, there has been significant progress made regarding the
stability of matrix modification by in-situ modification, using wa-
ter-insoluble copolymers [19-22], and the examination of fouling
resistance at the nano-scale (involving proteins) remains today a
major research direction [23,24]. However, we still face numerous
challenges. First, it is noticed that researchers using water-in-
soluble copolymers actually synthesized a copolymer which is a
combination of the matrix polymer and hydrophilic blocks [20-
22]. This enables facilitating the blending, intermolecular inter-
actions and cross-linking with the original un-modified polymer,
but it narrows the possibilities of application of the copolymer
with other polymers, that is the preparation of other membranes.
The second issue is linked to the structure: except the very few
previous studies in which precipitation from the vapor-phase is
used [6,25], formation of antifouling membranes is usually done
by wet-immersion using water as non-solvent, which eventually
leads to finger-like structures [19-22], and presenting a skin layer
more or less porous. These membranes are known to be relatively
weak and their permeability not always optimal as the polymer-
poor domains are not interconnected. A way to address this need
is to further develop the formation of antifouling membranes by
other routes, such as the vapor-induced phase separation. Thirdly,
the antifouling properties of porous (and non-porous) membranes
can still be improved, and in particular their resistance to non-
specific protein adhesion. In particular, in the case of porous ma-
trix, pores offer a penalty to fouling. It means that physical en-
trapment of biofoulants occurs more easily. In order to reduce
physical trapping, chemical surface and bulk modification should
be made more efficient, by developing new antifouling polymers,
able to ensure optimal surface modification (measured through
the coating density or grafting density when a surface-modifica-
tion is at play) or bulk modification. Tri-block copolymers pos-
sessing two hydrophilic blocks and one anchor hydrophobic block
can probably better answer these needs than di-block copolymers
having only one single hydrophilic block.

Based on these needs, we have developed an amphiphilic tri-
block copolymers, containing two hydrophilic blocks of poly
(ethylene glycol) methacrylate and one anchor hydrophobic block
of polystyrene. The first part of this work presents the complete
characterization of this triblock PEGMA 24-b-PSs4-b-PEGMA 24
copolymer. Then, we lay the focus on some formation aspects of
PVDF/PEGMA 24-b-PSs4-b-PEGMA >, membranes by vapor-in-
duced phase separation, and characterize the kinetic and ther-
modynamic of phase separation, leading to structures close to bi-
continuous, as well as we investigate the efficiency of surface
modification. In a third part, we focus on anti-fouling properties of
these membranes in both static and dynamic conditions. We hope
to demonstrate that the VIPS process applied to the

PVDF/PEGMA 24-b-PSs4-b-PEGMA 24/NMP system is an ideal ave-
nue toward the formation of efficient and stiff microfiltration
membranes with controlled porous structure.

2. Materials and methods
2.1. Materials

Poly(vinylidene fluoride) (PVDF) polymer was bought from
Kynar™®. It has a molecular weight (Mw) of about 150,000 g mol .
It was first washed with methanol and DI water before use in
casting solutions in order to remove impurities. The tri-block
PEGMA 124-b-PSs4-b-PEGMA 124 copolymer used in this study was
synthesized from styrene monomer (Mw=104.15 g/mol, Fluka)
and poly (ethylene glycol) methacrylate (PEGMA) homopolymer
(Mw=475 g/mol, Aldrich) as detailed in next section. 2-(((1-car-
boxy-1-methylethylsulfanyl)thiocarbonyl)sulfanyl)-2-methylpro-
pionic (Mw=282.41 g/mol) was synthesized in the lab. 4,4’-Azobis
(4-cyanovaleric acid) (Mw=280.28 g/mol, Alfa Aesar), toluene
(Sigma Aldrich) and hexane (Sigma Aldrich) were also used for the
polymerization reaction. Solvent used for membrane preparation
was N-methylpyrrolidone (NMP), purchased from Tedia, and di-
rectly used without purification. Finally, DI water (minimum re-
sistivity of 18.0 M cm), was used as a non-solvent in membrane
preparation, and in different characterization steps. It was ob-
tained from a Millipore purification system.

2.2. Methods

2.2.1. Synthesis of tri-block copolymers

The tri-block copolymer was synthesized by reverse radical
addition-fragment chain transfer (RAFT) (Fig. S1). First, PEGMA-
raft reagent was synthesized. PEGMA, 4,4'-Azobis(4-cyanovaleric
acid) (initiator) and 2-(((1-carboxy-1-methylethylsulfanyl)thio-
carbonyl)sulfanyl)-2-methylpropionic (reagent) were mixed in
toluene. Before reaction, nitrogen was bubbled into the solution
for 15 min to purge oxygen. The total solid content was 20 wt¥%,
and the [PEGMA]:[Initiator]:[Reagent] molar ratio was 500:0.2:1.
Reaction was performed at 80 °C, for 24 h. Then, the reaction was
stopped by immersing the reaction flask into a ice bath, for 30 min.
Copolymer was precipitated using hexane as a non-solvent (the
volume of hexane added was twenty times that of toluene), and
then freeze-dried (EYLA FDU-1200) until reaching constant
weight.

The second step consisted in mixing styrene monomer, initiator
and PEGMA-RAFT reagent (80:0.2:1) in toluene, fixing the dry
weight content to 20 wt%. Similarly, the solution was purged be-
fore the reaction. The polymerization was performed at 80 °C, for
24 h. It was then stopped using an ice bath, and the tri-block co-
polymer obtained was precipitated with hexane (the volume of
hexane added was twenty times that of toluene), and then freeze-
dried (EYLA FDU-1200) until reaching constant weight.

2.2.2. Characterization of tri-block copolymers

The chemical structure of tri-block copolymer was assessed by
TH NMR spectrometry using a 500 MHz spectrometer (Bruker) and
chloroform-d as solvent. Concentration of copolymer in solvent
was 5 mg/mL. Gas phase chromatography (GPC) analysis was also
performed with a THF gel permeation chromatograph (Visco-
tekGPCmax Module, USA). For this analysis, a Jordi Gel CN15073
column (Mw range 100-20 kDa) was connected to a VE3580 re-
fractive index detector. Flow rate was set to 1.0 mL/min flow and
column temperature maintained to 25 °C. PS standards (American
Polymer Standards Corp., USA) were used for calibration.



Table 1
Composition of casting solutions leading to virgin and PEGylated PVDF membranes.

Membrane ID PVDF PEGMA 24-b-PSs4-b- NMP Viscosity (Pa.s)

(Wt%)  PEGMAja, (Wt%) (Wt%s)
P25-TBO 25 0 75 5.276 + 0.051
P24-TB1 24 1 75 /
P23-TB2 23 2 75 /
P22-TB3 22 3 75 /
P21-TB4 21 4 75 /
P20-TB5 20 5 75 3.261 + 0.006

2.2.3. Preparation of casting solutions

Solutions  were prepared by blending PVDF and
PEGMA 124-b-PSs4-b-PEGMA 1,4 in NMP. 6 solutions were prepared,
one containing PVDF only and 5 containing both PVDF and tri-
block copolymer. The concentration of PVDF was decreased from
25 wt% to 20 wt%, while that of copolymer increased from 0 to
5 wt%. Therefore concentration of NMP was the same in all casting
solutions (Table 1). Solutions were stirred at relatively low tem-
perature, 35 °C, to reduce the chances for membrane formation by
crystallization during subsequent membrane preparation step
[26,27]. This point will be further discussed later in this manu-
script. Dissolution time took about 3 days. Once apparently
homogeneous, solutions were allowed to rest for a few hours until
they stopped bubbling, and immediately cast.

Viscosity of some casting solutions was determined at 25 °C
with a BROOKFIELD R/S Rheometer and at constant share rate
(100 s~ 1). Temperature was regulated by a FIRSTEK water-bath.
The module employed was a C50-1 (disk shape).

2.2.4. Preparation of membranes

Membranes were prepared by vapor-induced phase separation.
Solutions were cast on glass substrate directly positioned inside a
closed chamber. Relative humidity and temperature were set to
70+ 1% and 30+ 0.5 °C, respectively, one hour before starting
membrane preparation, to ensure thermodynamic equilibrium
inside the chamber. Polymeric solutions were exposed to water
vapors during 20 min. Then, the newly formed films were im-
mersed in a bath of DI water for 24 h, to remove all traces of
solvent. Finally, membranes were dried directly on their substrate,
at ambient temperature, and placing metal plates on each side of
the films to avoid potential shrinkage during drying. Dried mem-
branes were stored at 4 °C until use.

2.2.5. Physico-chemical characterization of casting solutions and of
membranes

Two certified methods were used to determine the chemical
composition of membrane surfaces. First, Fourier Transform Infra-
Red (FT-IR) spectrophotometer was used. It was operated accord-
ing to a method described elsewhere [6]. The C1s and O1s core-
level spectra and the evolution of atomic composition were ana-
lyzed by X-ray Photoelectron Spectroscopy (XPS) according to a
method also earlier reported [6].

A bioemission scanning electron microscope (SEM Hitachi
S-4800, Japan) equipped with a Schottky field emission gun
(10 kV), and with a cooling system (Eyela Cool ACE CA-1111) was
used to characterize the morphology of the membranes. Images
presented later were obtained from an accelerating voltage of
1 keV. Prior to introducing the samples in the SEM vacuum
chamber, they were coated with a 1 nm gold layer using a sputter-
coater model SC7620 metalizer.

Atomic distribution curve of cross section of one membrane
cast from a solution containing 5 wt% copolymer was measured by
energy dispersive (EDS) X-ray spectroscopy (Oxford Instruments, X
max 80). Prior to analysis, samples were sputter-coated with Pt,

and positioned in the SEM chamber of a JSM-7600F Schottky field
emission scanning electron microscope (JEOL).

The surface roughness of membrane was determined with a
JPK Instruments AG equipped with a Nanowizard XYZ scanner
(Germany). The instrument was maintained in constant tempera-
ture using an AFM Zeiss Loop. Measurements were performed in
acoustic alternating current air tapping mode. Image acquisition
and processing were completed with a JPK Image Processing
software associated to the AFM. Silicon cantilever probes (model
NSC14/AIBS, length: 125 pm+5, width: 35 um + 3, thickness:
2 um + 0.5) with a nominal resonant frequency between 110 and
220 kHz, and a force constant ranging between 1.85 and 12.5 N/m
were used for sample scanning. Parameters such as the amplitude
at which the cantilever probe oscillates, the typical scan rate and
the scan area were adjusted.

The pore size and pore-size distribution were determined by
capillary flow porometry (CFP-1500-AXEL, PMI), following a
method earlier described [28]. The porosity of membranes was
evaluated as follows: dry membrane samples (1.3-cm-diameter)
were weighed and then immersed in ethanol (Aldrich) for 24 h.
The excess of alcohol was gently wiped off the surface of the
membranes, and samples weighed again. Then, we applied the
formula available in literature leading to an evaluation of the
porosity [29]. It has to be noted that it was previously checked that
no removal of copolymer was observed over the duration of the
test. In addition, the density of the copolymer was evaluated from
the knowledge of the number of repeat units of each block and of
the molecular weights of styrene and PEGMA repeat units.

Mechanical properties of membranes were evaluated by tensile
tests measurements, performed with a DMA 7e instrument (Per-
kin-Elmer). The method used was similar to that employed earlier
with PVDF/PS-b-PEGMA membranes [25].

The hydration properties of membranes were evaluated by
determining their water contact angle and their hydration cap-
ability. Water contact angle of membranes was measured with an
automatic contact angle meter (Kyowa Interface Science Co., Ltd.
Japan) at ambient temperature (about 20 °C). DI water (4 pL) was
dropped onto each sample and 11 pictures were shot over a 30-s-
duration. Each picture was then analyzed to plot the evolution of
WCA as a function of time. For each membrane, 7 independent
kinetics were recorded, and the average reported. As for hydration
capabilities of membranes (mg/cm?), samples of a 0.85-cm-dia-
meter and a pre-measured thickness were weighed witha 107> g
precision balance and immersed into DI water for 24 h. After-
wards, superficial water was wiped out, and wet membranes
weighed. The hydration capability was evaluated by taking the
difference per cubic centimeter between the wet and the dry
weights. Five independent measurements were done and the
average taken as the membrane hydration capability.

2.2.6. Establishment of phase diagram and diffusion kinetics of non-
solvent in casting solutions

Phase diagram was established at constant temperature
T=70+1°C from the cloud point method. The choice of the
temperature relies on the fact that Lin et al. mentioned gelation of
PVDF solution at quite low temperature (50 °C) within a week [21].
Therefore, studying phase diagram at the same temperature used
to prepare casting solutions (35 °C) would have made accurate
conclusions difficult to draw, as gelation may occur before the
onset of liquid/liquid demixing. Furthermore, the addition of water
promotes gelation as well. Therefore, based on literature and
preliminary tests, we chose to establish phase diagram 70 °C. To do
this, a number of solutions with varying polymer initial con-
centrations were prepared. In order to study the effect of copoly-
mer on thermodynamic stability of the casting solution and being
able to draw accurate comparisons with the PVDF/NMP/water



ternary system, the PVDF/copolymer ratio was kept constant to
4:1. It enabled to represent in a same diagram the binodal curves
of both the PVDF/NMP/water ternary system and of the
PVDF/PEGMA |24-b-PS54-b-PEGMA 124/NMP/water pseudo-ternary
diagram. A quite similar approach has been reported by Man-
sourizadeh and Ismail who kept constant the additive to solvent
ratio [30]. Once the solutions homogeneous, water was added
drop wise under constant and vigorous stirring with magnetic bars
(300 rpm). The addition of water led to local cloudy state in-
dicating local demixing, but stirring enabled to regenerate the
transparent state of the solution as water was homogeneously
distributed in the entire volume. The cloud point was reached
when cloudy state was permanent, despite a long (2 h) stirring. It
was associated to the experimental binodal.

Kinetics of non-solvent transfer during phase separation was
studied under the observation of optical microscope (Olympus
microscope BX51TRF Model, Japan) with a magnification factor of
x 10/0.25. A silicon wafer (thickness) was first positioned over a
glass plate. Then, a tiny drop of polymer solution was placed on
the silicon wafer and a glass microscope transparent slide pressed
against the silicon wafer, allowing to spread the drop of polymer
solution. Rhodamin B aqueous solution (23.5mg in 10 g of DI
water) was then introduced between the silicon wafer and the
glass microscope slide and its diffusion recorded over time by a
CCD color camera Toshiba and analyzed by Arc Soft webcam
companion software. Water alone was not used in order to en-
hance the contrast and actually be able to follow the diffusion
front of non-solvent. Therefore, it is assumed that the presence of
dye does not significantly affect diffusion mechanisms of non-
solvent.

Light transmission tests were performed at room temperature,
according to the following experimental procedure. The coagula-
tion bath was first filled up to 90% of its capacity with DI water,
such that the stage would be completely immersed. A light source
and a light collector were placed above and under the coagulation
bath, respectively, and carefully aligned. The light sensor output
value (without polymeric system) was about 1580 Lux, recorded
with a light meter (DLM 536, Tecpel Co). After setting the system,
the lights of the room were switched off, and the polymer solution
cast on a glass plate with a metal casting knife such that the
thickness was 300 pm (the same as that used to prepare mem-
branes). The glass slide was immediately immersed in the coagu-
lation bath, and small metallic plates were placed on the surface of
the polymer film (at the top and at the bottom) to prevent the
forming membrane from detaching from the plate and freely
moving in the bath. Light transmission was continuously recorded
until the light sensor output reached a stable value, indicating the
end of phase separation.

2.2.7. Antibiofouling properties in static and dynamic conditions

Adsorption of bovine-serum-albumin and lysozyme (BSA,
Mw ~ 66,000 g mol !, Sigma® and LY, Mw=14,300 g mol !, Sig-
ma™) was studied according to a similar protocol. Membrane disks
with a diameter of 1.3 cm were positioned in individual wells of a
24-well plate. A pretreatment with 1 mL of ethanol was first per-
formed for 30 min, to allow swelling of matrices. Then, ethanol
was replaced by a solution of phosphate-buffered saline (PBS).
After 2 h in PBS at 25 °C, membranes were incubated with the
solution of protein tested (either BSA or LY) at a concentration of
1 mg mL~! and at 25 °C. Finally, in order to evaluate the amount of
protein adsorbed onto and within the membrane, we measured
the absorbance of the solution at 280 nm, using a UV-vis spec-
trophotometer (PowerWave XS, Biotech). Notice that before the
measurement of absorbance, it was ensured that no tri-block co-
polymer was released over the duration of the adsorption test that
would interfere with the determination of the absorbance.

As for fibrinogen (FN, Sigma®), the Enzyme-Linked Im-
munoSorbent Assay (ELISA) procedure was followed. 3 In-
dependent samples of each membrane were disposed in individual
well of a 24-well plate containing PBS. The well-plate was then
placed in an oven maintained at 37 °C, for 1 h. PBS was replaced by
1 mL of fibrinogen solution (1 mg/mL), and membranes incubated
with the protein solution in an oven maintained at 37 °C. After a
2-h-incubation, membranes were rinsed using PBS, operation re-
peated twice, and then incubated in a BSA solution (1 mg/mL in
PBS), at 37 °C for 1 h. Samples were thoroughly washed again with
PBS, and soaked in a volume of 1 mL of primary monoclonal an-
tibody (provided US Biological). Reaction was carried out at 37 °C
for 30 min. After another triple washing with PBS, membranes
were incubated with BSA at 37 °C for 1 h and then washed with
PBS before adding 1 mL of horseradish peroxidase-conjugated
secondary monoclonal antibody (1 mg/mL). After washing again
the membranes 5 times with PBS, they were transferred into a
clean well-plate, and incubated for 5 min at 37 °C with a 500 pL of
solution at 1 mg mL-1 containing 3,3',5,5’-tetramethylbenzidine
chromogen 0.05 wt% Tween 20, and 0.05 wt% hydrogen peroxide.
In order to stop the enzymatic reaction, 500 pL of sulfuric acid
(0.1 M) were added. Eventually, a UV-vis spectrophotometer per-
mitted to determine the absorbance at 450 nm of the solution, and
then to evaluate the relative FN adsorption onto (and within) each
membrane. The positive control (100% adsorption) was a poly-
styrene plate while the negative control was a poly sulfobetaine
methacrylate hydrogel.

The anti-biofouling properties of membranes at the macro-
scale were also studied using (i) Escherichia coli modified with a
green fluorescent protein, in order to facilitate observations of
bacteria adhering onto the membranes and (ii) Streptococcus mu-
tans. The procedure for genetic modification has been described
elsewhere [31] while similar methods for culture and adhesion
tests as those reported earlier for un-modified E. coli were adopted
[6]. Therefore, one may want to refer to these works for further
details.

To study the antibiofouling properties of membranes in dy-
namic conditions, cyclic-filtration tests were performed at 25 °C
using a laboratory-scale unit (ADVANTEC®, Item LS-47-HP, Tokyo
Roshi). The lab-scale cell is equipped with a tank containing the
feed solution, a membrane module with an inner diameter of 20.5-
mm, a nitrogen injection cylinder connected to the tank, a balance
(MS8001 SE, Mettler Toledo) and a computer equipped with Se-
rialPortToKeyboard software (METTLER TOLEDO). The membranes
were positioned in the module on a macroporous stainless steel. In
these tests, we used three types of microfiltration membranes:

® A PVDF, hydrophilic and bi-continuous ultrafiltration commer-
cial membrane with an average pore-size of 0.1 um (Millipore);

e A PVDF membrane (ID: P25-TB0) as-prepared by VIPS from the
25 wt% PVDF solution;

o A PVDF/PEGMA124—b-P554-b-PEGMA]24 membrane ([D P20-
TB5) as-prepared by VIPS from the solution containing 25 wt%
PVDF and 5 wt% PEGMA 124-b-PSs4-b-PEGMA 124.

Before each filtration experiment, membranes were immersed
in ethanol (50% v/v) for 15 min, and permeability was controlled
initially by filtering DI water. The permeate flux was quantified by
measuring continuously the weight of permeate by the mean of an
electronic balance. Cyclic filtrations were performed according to
the following experimental procedure. An over pressure (1.5 atm)
water cycle was ran for 30 min to compact the membrane system.
Then, pressure was decreased to 1 atm, and water permeate flux
recorded for 1 h (J,,0). Thereafter, a BSA solution in PBS (1 g/L) was
filtrated through the membrane at play for 1 h (Jgsa1). Membranes
were then washed by flushing them with DI water and then



performing a DI backflushing cycle for 30 min in DI water. This
operation allowed removing reversible fouling (cake layer). Sub-
sequently two other water-BSA cycles (30 min - 1 h) were run
similarly, and the test was ended by a last water cycle. Following
filtration tests, we determined the global flux recovery ratio (FRRg
=(w3/Jwo) x 100%), the flux recovery ratio after each cycle (FRR;
=(willwi_1)x 100%, i=1,2,3), the global irreversible flux decline
ratio (DRyrc=[Uw,0—Jw3)/Jwo] x 100%) and the irreversible flux
decline ratio after each cycle (DRi.i=[Uw,i—1—Jwi)[Jwi—1] x 100%,
i=1,2,3).

3. Results and discussion
3.1. Molecular structure of tri-block copolymer

The characteristic 'H NMR spectrum of the tri-block copolymer
is shown in Fig. 1. The exact composition, in terms of number of
hydrophobic and hydrophilic blocks, can be assessed using the
proton resonance of the aromatic group of PS block (chemical shift
6 at 7.08, 7.13 and 7.18 ppm for protons g, g’ and g”, respectively),
and that of the protons d of the methoxyl group constituting the
PEGMA side block (6=3.24 ppm). According to the 'H NMR
spectrum, the ratio of the area of the signals of the five aromatic
protons to that of the signal of the six protons carried by the
methoxyl groups (Hy_g//Hg) was found to be 0.36. Therefore, from
the knowledge of the molecular weight of the tri-block copolymer,
found to be 29,850 g/mol by GPC analysis, and that of each repeat
unit, it could be concluded that the number of anchor hydrophobic
group was 54 while 248 repeat units constituted the hydrophilic
blocks of the copolymer. In sum, we obtained the following co-
polymer: PEGMA 24-b-PSs4-b-PEGMA 124.

3.2. Physicochemical characterization of membranes: membrane
formation aspects

SEM images of PEGylated PVDF membrane surfaces and cross-
sections are shown in Fig. 2 while AFM images are displayed in
Fig. 3. In general, we observed that the structure of membranes
was mostly composed of interconnected domains characteristics
from lacy structure, with some very small spherulites or nodules
dispersed in the matrix. Nodule formation arises from crystal-
lization, and was shown to strongly depend on the temperature of
dissolution of the casting solution in the work of Lin et al. using
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Fig. 1. H'NMR of PEGMA1,4-b-PSs4-b-PEGMA 124 tri-block copolymer.

octanol as a non-solvent [26]. Later, Li et al. studied the formation
of PVDF membranes by VIPS, from casting solutions containing
20 wt% polymer, and also unveiled that below a certain tempera-
ture (32 °Cin their case), mechanism for membrane formation was
a non-crystallization gelling process [27]. Arising structure was
lacy, with interconnected polymer-poor and polymer-rich do-
mains. But the critical dissolution temperature depends on the
solvent, the nature of the polymer and on its molecular weight, as
well as it might be affected by the concentration, and on the
system at play. Here, we used a different PVDF at a different
concentration and blended with a tri-block copolymer, so that
parameters controlling structure formation must be different. We
chose 35 °C as the dissolution temperature because the casting
solutions all contained 25 wt% total dry matter. Their viscosity was
therefore quite high (results are shown in Table 1) and prevented
us to obtain homogeneous solutions in a reasonable amount of
time. It seems however that this temperature is in the region of
the critical dissolution temperature since interconnected domains
with small nodules were formed.

The formation of this so-called mix-structure can be further
supported by the analysis of the FT-IR spectra in the lower region
of wavenumbers. If nodules are mostly formed, then there are
associated with the dominating [-polymorph which stretching
band can be found at 840 cm~! for instance [32]. On the other
hand, a-polymorphs (stretching band at 763 cm~!) dominate in
lacy structures [27]. Here, both polymorphs are found (Fig. 4).
However, the calculus of the mass fraction of the a-form in the
crystal according to the equation reported by Li et al. leads to a
value ranging between 56.5% and 59.8%, which is pretty high and
suggests that the structure arises mostly from a non-crystallization
gelling process [27]. In addition, it is worth noting that the overall
crystallinity of the membranes tended to remain almost un-
changed (Fig. S2 and Table S1).

Furthermore, there is visually not much effect of the copolymer
on membrane formation aspects even if the nodules size seems to
slightly decrease with copolymer content, which would suggest
that crystallization is further hindered. We conducted non-solvent
diffusional tests and determined the phase diagrams to get insights
into the thermodynamic aspect of membrane formation. It is
also important to insist on the fact that the viscosity of the
PEGylated solutions decreases as the copolymer content
increases, as shown in Table 1. This implies that viscous forces
preventing non-solvent penetration are not as strong for the
PVDF/PEGMA 24-b-PSs4-b-PEGMA24/NMP system than they are for
the PVDF/NMP system (physical effect). Consequently, the pene-
tration of water is expected to be facilitated. Also, as the copolymer
is amphiphilic, it is believed to promote water diffusion and thus
the onset of phase separation (chemical effect). This can be seen on
the diffusion kinetics of water as a function of the copolymer con-
centration plotted in Fig. 5a. Clearly, the distance travelled by water
in a given amount of time is longer as the concentration of
PEGMA 24-b-PSs4-b-PEGMA,4 increases. Diffusion coefficients of
water in the polymeric system can be compared by plotting the
distance travelled by water in the system as a function of the square
root of time (Fig. 5b), assuming 2D diffusion. The slope of the initial
linear portion enables to determine D,y;m. Doing so, diffusion coef-
ficients of water in a solution containing no copolymer (virgin),
1 wt% copolymer, 3 wt% copolymer and 5 wt% copolymer were
found to be 9.51 x 10~ " m?/s, 1.03 x 10~ '° m?/s, 1.42 x 10~ m?/s
and 1.76 x 10~ 1° m?[s, respectively. This fast exchange is further
supported by light transmission tests (Fig. 6), unveiling that a
change of light transmission occurs earlier in the case of
PVDF/PEGMA 24-b-PS54-b-PEGMA,4/NMP, meaning that mem-
brane formation happens faster than in the system without ad-
ditive. Fast diffusion is not favorable to the growth of nodules,
arising from crystallization which is kinetically slower than non-
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Fig. 2. Morphological characterization of virgin and PEGylated PVDF membranes by scanning electron microscope.

crystallization gelling processes [32]. Additionally, it appears that
the PVDF/PEGMA 24-b-PSs4-b-PEGMA 1,4/NMP ternary system is not
as thermodynamically stable as the PVDF/NMP binary system, as
the pseudo-ternary diagram reveals that the binodal is slightly
shifted toward the solvent/polymer axis (Fig. 7). This implies that
less water is necessary to induce phase-separation and to cross the
metastable region in which metastable domains could still grow. It
is again not favorable to the formation of crystalline nodules. All
these evidences explain the dominance of interconnected polymer
domains with only a few nodules.

Finally, as there was no major change of morphology observed,
it seemed reasonable to obtain roughness coefficient (marked on
Fig. 3), bubble point pore diameters and porosity in the same
range (Table 2). All membranes can be applied in the MF range as

they exhibit large pores and a high surface porosity (76-80%).
Nonetheless, characterization results of mechanical properties
tend to show that the PVDF/PEGMA34-b-PSs4-b-PEGMA 54 are
somewhat stronger than virgin PVDF membrane (Table 2 and Fig.
S3 in Supporting information section). Indeed, we measured a
modulus of elasticity in tensile mode of 87 + 14 MPa for virgin
PVDF membrane, while it was found to be 133 + 4 MPa for P20-
TB5 membrane. In addition, the tensile stress at break was
0.81 +0.10 MPa for virgin PVDF membrane and increased up to
1.54 4+ 0.09 MPa for P20-TB5. These results support that modified
membranes are slightly stronger and stiffer than virgin PVDF
membrane. However, ductility of P20-TB5 was less than that of
virgin membrane (2.92 + 0.34% vs. 9.03 + 2.62%) but no clear trend
was really identified for the elongation at break as it increased and
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Fig. 3. Morphological characterization of virgin and PEGylated PVDF membranes by atomic force microscope.

then decreased with the polymer content. Finally, the trends ob-
served for modulus of elasticity and tensile stress at break also
revealed that the entanglement between polymer domains is quite
strong for modified membranes, and so, that crystallization played
a minor role on the formation of these membranes.

Regarding the chemical properties of the surfaces, FT-IR char-
acterization confirms that PEGMA,4-b-PSs4-b-PEGMA 54 is pre-
sent at the surface of membranes (Fig. 4). Besides the different
crystalline polymorphs evidenced in the finger print region and
above-discussed, FT-IR analysis reveals the presence of absorption
bands at 1729 cm~! and 1100 cm ™!, assigned to the -C=0 and
-C-0 stretching vibrations of carbonyl group and carboxylic ester,
respectively. This band was still clearly visible after 6 weeks im-
mersion in DI water, supporting the stability of the system (Fig. S4
in Supporting information section). The signal observed at
2871 cm~! are ascribed to the stretching and bending vibrations
of methylene (-CH;) carried by PEGMA hydrophilic heads. The
intensity of all these peaks revealing the presence of the triblock
copolymer tended to increase with additive concentration.
Furthermore, as clearly seen on the O1ls core-level spectra
(Fig. 8a) as well as on the plot presenting the element content as a
function of copolymer content in the initial casting solution
(Fig. 8b), XPS analysis did evidence a significant increase of
oxygen content at the surface of membranes from a 2 wt%
PEGMA 24-b-PSs4-b-PEGMA 4 content, which also supports the
presence of copolymer at the surface of the membranes. Finally,
the EDS analysis performed on P20-TB5 membrane and presented

in Fig. 9 shows that the oxygen signal recorded along the cross-
section tends to fluctuate around a mean value, which implies that
the copolymer is dispersed within the membrane. In other words,
this analysis reveals that not much migration of copolymer toward
the upper surface occurred during membrane formation, as it
could have been expected considering the relative slowness of
mass transfer rates involved in VIPS, but further investigations are
needed to clarify this point.

Taken all together, characterization results suggest that mem-
branes are physically and chemically homogeneous, and PVDF
membranes have been modified in a relatively controlled fashion.
The next question is related to whether the surface and bulk-
modification of the PVDF membrane by the tri-block copolymer
enables to trap water and lead to low-fouling properties.

3.3. Resistance of PEGylated membranes to biofouling in static
conditions

3.3.1. Effect of tri-block copolymer on hydration properties of
membranes

A first acknowledged step toward the development of non-
fouling membranes is the design of a hydrophilic protective layer
at the surface and within the pores, that will prevent foulants to
stick on and within the matrix. Hydrophilicity of the membrane is
therefore critical, and in particular its ability to trap water, which is
evaluated through the measurement of the hydration capacity,
reported in unit mass of water trapped per unit volume of
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membrane. We noticed in preliminary tests that the WCA of
membranes containing the highest content tested of block copo-
lymers was slightly changing over a 30-s-time period, probably
due to the wetting of the surface pores, but the change is not
obvious on other membranes: a decrease of 3% and 8%, as com-
pared to the initial data of water contact angle for P21-TB4 and
P20-TB5, respectively, was measured over the duration of analysis
(Fig. S5 in the Supporting information section). Clearly, the addi-
tion of block copolymer allows increasing the surface hydro-
philicity of the membrane, as the WCA decreases from about 126°
to 109° (Fig. 10). Values are still high, ascribed to the very
rough and porous structures obtained in each case, but for
membranes modified with triblock, hydration did occur, arising
in a slight decrease of WCA. The overall ability of the
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PVDF/PEGMA 124-b-PSs4-b-PEGMA 24 membranes to trap water is
then clearly seen on the plot reporting their hydration capacity.
Obviously, when contacted with water or hydrophilic solution for a
long period of time (24 h in the present case) like during filtration,
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Fig. 5. Effect of PEGMA24-b-PSs4-b-PEGMA 24 tri-block copolymer on diffusion rate of non-solvent in the casting solution. (a) Diffusion kinetics plotted from microscope
images; (b) distance travelled by non-solvent as a function of the square root of time: assessment of diffusion coefficients.



Table 2
Characterization of porous-structure and mechanical properties of virgin and PEGylated membranes.

Membrane ID Bubble point pore diameter Porosity (%) Thickness (um) Tensile stress at break Modulus of elasticity Elongation at break (%)
(pm) (MPa) (MPa)
P25-TBO 0.25 80.1+ 1.7 106 +£1 0.81+0.10 87+ 14 9.03 +2.62
P24-TB1 0.44 84.1+22 111+6 0.72 +£0.07 76 +11 17.92 +0.42
P23-TB2 043 80.3 +0.2 103 +2 0.83 +0.02 76 +2 10.51 + 0.80
P22-TB3 0.31 80.1+0.7 104 +4 0.98 +0.12 91+ 16 931+0.83
P21-TB4 0.33 80.2+3.5 115+ 4 117 +£0.22 114+ 30 19.21 + 8.96
P20-TB5 0.31 76.5+2.1 116 +2 1.54 + 0.09 133+4 2924034
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Fig. 8. Chemical characterization of membranes surface by XPS spectroscopy. (a) C1s core-level spectra of P25-TBO (virgin PVDF) and P20-TB5 (PEGylated PVDF) membranes
verifier bandes; (b) element content analysis.
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Fig. 9. Energy dispersive spectroscopy analysis of P20-TB5 membrane.

water is trapped by the PEGylated chains dispersed all over the
membrane thickness (Fig. 9b). This yields to a dramatic improve-
ment of hydration capacity from about 59 mg/cm> to 650 mg/cm?>.
The value reported here should be challenged against those re-
ported in literature, but most of the time, researchers report values
per unit surface area, as surface-modification are mostly per-
formed, which prevented us to draw accurate comparisons. A
plateau tends to be reach from a 4 wt% copolymer content, which
indicates that the bulk tends to be saturated with hydrophilic
PEGMA moieties.

3.3.2. Effect of tri-block copolymer on resistance to nonspecific pro-
tein adsorption

Once the ability of membranes to bind water verified, we in-
vestigated the adsorption of BSA, LY and FN, model proteins often
used to evaluate the nonfouling properties of membranes to be
applied in water treatment, waste water treatment or blood fil-
tration [33-38]. Starting with, BSA, this is a globular protein which
non-polar residues facilitate hydrophobic-hydrophobic interac-
tions, eventually leading to biofouling at the nanoscale. Results
presented in Fig. 11 reveal that the block copolymer clearly acts as
a fouling-resistant agent. If the virgin PVDF membrane exhibits an
adsorption level of 0.19 + 0.02 mg/cm? (normalized to 100%), this
value is decreased up to 90% for P20-TB5 membrane. One will
notice that this result is quite remarkable, given the porous
structure of the membrane and its roughness, enabling to physi-
cally trap biofoulants. As expected, relative protein adsorption
decreases with additive content, whatever the protein studied,
unveiling the efficiency of the additive to resist non-specific pro-
tein adsorption. From a 3 wt% additive content, the adsorption of
lysozyme was less than 20% that of the virgin PVDF membrane and
decreased to 15% from 4 wt% copolymer. Similar excellent re-
sistance is obtained when the protein is fibrinogen, with adsorp-
tion decreased to 90%. Fibrinogen is a larger protein and therefore
contains more adsorption sites than BSA and LY. Its adsorption is a
major issue in particular when membranes are to be used in
plasma or blood filtration, as it then mediates the adsorption and
activation of cells, leading to clotting and so, further increases
biofouling [39,40]. It appears that membranes prepared in this
study resist non-specific adsorption of proteins and also in parti-
cular model blood plasma protein, such that their application
could be oriented toward either water treatment or blood
filtration.

Finally, as noted in section 3.2.1, from a 4 wt% additive content,
optimal resistance to biofouling by protein was reached, as the
matrix was saturated with water. Not much improvement was
therefore measured when comparing P21-TB4 and P20-TB5.
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Fig. 11. Effect of PEGMA24-b-PSs4-b-PEGMA 24 tri-block copolymer on resistance
to nonspecific protein adsorption.

3.3.3. Effect of tri-block copolymer on resistance to bacterial
attachment

Alike for protein adhesion, bacterial attachment is affected by
both the physical state of the interface and its chemistry. For mi-
crofiltration membranes, bacterial species can be easily trapped
within the pores, and even squeeze through smaller pores as some
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Fig. 12. Effect of PEGMA24-b-PSs4-b-PEGMA 24 tri-block copolymer on resistance to E. coli attachment. (a) Confocal analysis; (b) quantitative analysis obtained from confocal
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have a deformable cell-wall [41]. In this respect, finely tuning the
chemistry of the interface is critical. We have seen from previous
hydration and protein adsorption results that a plateau tended to
be reached from a 4 wt% copolymer content (in the initial casting
solution). This would indicate that the interface is saturated with
nonfouling moieties and should therefore offer a protective barrier
to bacterial invasion. In order to check the ability of our en-
gineered membranes to resist bacterial attachment, we performed
bacterial adhesion tests using E. coli as a model protein, a de-
formable micro-organism commonly employed in studies on the
development of antifouling membranes. We modified it with a
green-fluorescent protein to facilitate observation. In addition, we

tested a gram-positive bacteria, S. mutans to have a wider over-
view of the actual nonfouling properties of our membranes. Re-
sults presented in Figs. 12 and 13 indicate that many species in-
teract with the virgin PVDF matrix, given its hydrophobicity and
its physical nature. For membranes prepared from casting solu-
tions containing between 1 to 3 wt% copolymer, many green spots
are still observed on related confocal images. Although they are
more hydrophilic, these membranes do not present a copolymer
concentration high enough to efficiently prevent the approach of
bacteria and repel them. Additionally, their quite high roughness
characteristic from such structure (Fig. 3) also contributes to
bacterial entrapment and adhesion between small nodules. This is
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also interesting to notice that the extent of adhesion is strongly
dependent on the nature of the bacteria species, that is, different
cell-walls interact differently with the membrane material at play.
Hence, more than 2300 CFU were counted on confocal observation
of virgin membranes for S. mutans tests, while there were less than
800 CFU in E. coli tests. This implies that global resistance to
bacteria species is not readily achieved. Yet, as almost no bacteria
can be found onto membranes containing the highest copolymer
concentrations (P21-TB04 and P20-TB5), it can be concluded that
the copolymer used offers a high protection toward bacterial at-
tachment and that the membranes are nonfouling at the
microscale.

3.4. Resistance of PEGylated membranes to biofouling in dynamic
conditions

We can reasonably state that in static conditions, polymer
chains are not deformed as they would be under the stress of a
drag flow, as in filtration. Deformability of antifouling moieties and
spatial rearrangement can severely affect the extent of biofouling,
such that resistance to biofouling in dynamic conditions has to be
assessed too. Therefore, filtration tests were run, using BSA in
standard conditions [42,43]. Here, we compared the performances
of the most PEGylated membrane (P20-TB5) to that of the virgin
membrane (P25-TB0) and of a commercial hydrophilic PVDF mi-
crofiltration membrane (Millipore™).
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Results reported in Fig. 14 unveil a typical important flux decline
due to interactions of membrane material with biofoulants, for both
virgin PVDF membrane and hydrophilic commercial PVDF membrane.
The global FRR (calculated by taking into account initial water per-
meability and that after the very last cycle) were found to be 24.0%
and 47.3% for virgin PVDF and commercial hydrophilic PVDF mem-
brane, respectively. Reversible biofouling and pore clogging of mem-
branes both occurred. However, for the membrane modified with the
tri-block copolymer, if a permeability decline was still observed, it
was not as important as with the other membranes after each fil-
tration cycle with FRR found to be 95.3%, 75.1% and 97.0.% after cycle
1, 2 and 3, respectively, thus corresponding to a global FRR of 69.4%.
This promising result was logically attributed to the nonfouling effect
of PEGMA4-b-PSs4-b-PEGMA 24. This difference in flux recovery is
even better highlighted in Fig. 13b as after 3 cycles, the dimensionless
water fluxes obtained with virgin PVDF membrane and commercial
hydrophilic PVDF membrane are importantly lower than that ob-
tained with the PVDF/PEGMA,4-b-PSs4-b-PEGMA 4 membrane.
Moreover, we measured an important decreasing of irreversible flux
decline ratio with the modified membrane (Fig. 13d), meaning that
fouling of P20-TB5 membranes is mostly reversible, which somewhat
better reveals the efficiency of PEGMA 4-b-PSs4-b-PEGMA 24 as a
low-biofouling material for in-situ modification of PVDF membranes.

Our results on the low-biofouling properties of P20-TB5
membrane during filtration can be compared with those of lit-
erature. Water flux recovery ratios obtained after filtration of a
BSA solution were reported to be 73%, 78.2%, 81.2% and 83%, that is

slightly higher than in the present study, with antifouling PVDF
membranes prepared by blending PVDF polymer with PVDF-g-PVP
[3], poly(methyl methacrylate-2-hydroxyethyethyl metacrylate-
acrylic acid) [44], PVDF-g-PSMA [45], and cellulose acetate [46].
However, we performed three filtration cycles, unlike Xu et al. [3],
Ju et al. [44], Li et al. [45] or Razzaghi et al. [46] who only per-
formed one or two filtration cycles. Our FRR after one cycle is
comparable to that obtained by Abed et al. with PVDF-g-POEM but
they designed hollow-fiber membranes so that accurate compar-
isons cannot really be made [47]. In addition the P20-TB5 mem-
brane generates a lower irreversible fouling ratio than the best one
reported by Bera et al. in their report on antifouling PVDF mem-
branes prepared from blends [48].

4. Conclusions

In this work, we presented a novel triblock copolymer, made of
one anchor block of poly(styrene) and two blocks of poly(ethylene
glycol) methacrylate hydrophilic moieties. We then used this tri-
block copolymer in blend with PVDF in order to prepare low-
biofouling membranes by vapor-induced phase separation. A
number of significant results were highlighted:

1. At the dissolving temperature chosen, PVDF membranes are close
to be bi-continuous structure. The formulation was such that the
copolymer promoted diffusion rate of non-solvent (chemical



effect inherent to the hydrophilic nature and physical effect due
to a decreasing of viscosity). Combined to a lesser thermo-
dynamic stability, crystallization had even less chance to occur,
favoring the formation of PVDF/PEGMA,4-b-PSs4-b-PEGMA 24
membranes by non-crystallization gelling process, leading to bi-
continuous structures.

2. The copolymer is well distributed over the whole matrix and
remains in the system after phase separation, leading to greatly
improved hydration properties of the membranes.

3. Biofouling in static (BSA, LY and FN adsorption, E. coli, S. mutans
attachment) and dynamic conditions (BSA-water filtration cy-
cles) was importantly inhibited. In particular, the adsorption of
proteins was reduced to 85-90%, depending on the nature of
the proteins, and global FRR after 3 BSA-water cycles was 69.4%,
value much higher than that obtained with commercial mem-
brane (47.3%).

All these results suggest that these novel MF membranes could
be used in water-treatment applications (MBR). In addition, the
assessment of hemocompatible properties of these novel mem-
branes is on-going, given the very good resistance to fibrinogen
measured.
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