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The thermally induced molecular graft copolymerization of 4-vinylpyridine (4VP) with ozone-preactivated
poly(vinylidene fluoride) (PVDF) was carried out in N-methyl-2-pyrrolidone (NMP) solution to produce
4VP-g-PVDF copolymers. The chemical composition and structure of the 4VP-g-PVDF copolymers were
characterized by element analysis, Fourier transform infrared (FTIR) spectroscopy, and thermogravimetric
analysis (TGA). In general, the graft concentration of the 4VP polymer in the 4VP-g-PVDF copolymer
increased with the [4VP)/[PVDF] molar feed ratio used for the graft copolymerization. Microfiltration (MF)
membranes were prepared by phase inversion in aqueous solutions of different pH values and from copolymers
of different graft concentrations. The surface composition of the copolymer MF membranes was investigated
by X-ray photoelectron spectroscopy (XPS). A significant surface enrichment of the more hydrophilic 4VP side
chains was observed. The surface morphology of the MF membranes was investigated by scanning electron
microscopy (SEM). The pore size and pore size distribution of the 4VP-g-PVDF MF membranes were
measured using a Coulter Porometer Il apparatus. The flux of the aqueous solutions through the 4VP-g-PVDF
MF membranes exhibited a pH-dependent behavior, due to the interactions of the pyridine groups of the
grafted 4VP chains with the aqueous solutions through hydrogen bonding and protonation.

1 Introduction

Fluoropolymers, such as poly(tetrafluoroethylene) (PTFE) and
poly(vinylidene fluoride) (PVDF), have been widely investi-
gated for their unique mechanical and physicochemical
properties during the past decades. Differing from the dielectric
applications of PTFE, PVDF has been shown to be an excellent
membrane material for chemical and biological applications.'®
Its piezoelectrical and pyroelectrical properties also render
PVDF a material of choice for sensors.”” However, the
hydrophobic nature of the polymer has limited its application
to some extent in certain areas. A great deal of effort has been
devoted to chemical and physical modification of the PVDF
membranes. The techniques used have included plasma
treatment, blending with hydrophilic polymers, gamma ray
irradiation, and ion beam irradiation.'®'* A number of studies
have also been devoted to the graft copolymerization of
functional monomers or grafting of functional polymers onto
existing PVDF membranes to improve their surface hydro-
philic, antifouling and pH-sensitive properties and their
biocompatibility.'*2°

However, surface modification of existing membranes by
grafting or graft copolymerization is likely to be accompanied
by changes in the membrane pore dimension and pore size
distribution, leading to reduced permeability.?*> Moreover,
the extents of grafting on the membrane surfaces and the
surfaces of the pores may differ considerably. Thus, the approach
of molecular or bulk graft copolymerization, followed by phase
inversion, to membrane fabrication may prove to be particu-
larly useful in certain cases. For instance, uniform post-
functionalization by graft copolymerization of the hollow fibre
membranes and their pore surfaces is expected to be spatially
difficult. Furthermore, the preparation of membranes from
graft copolymers by the phase inversion technique can greatly
facilitate the control of the pore size, the pore size distribution
and the composition of the pore surfaces through the control
of the copolymer structure and composition.

In the present work, we report on the synthesis and
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characterization of PVDF with 4-vinylpyridine (4VP) poly-
mer side chains (the 4VP-g-PVDF copolymers) from the mole-
cular graft copolymerization of 4VP with ozone-preactivated
PVDF in N-methyl-2-pyrrolidone (NMP) solution. The resul-
ting graft copolymers are shown to be promising materials for
fabricating microfiltration (MF) membranes having hydro-
philic properties and pH-sensitive permeability to aqueous
solutions.

2 Experimental

2.1 Materials and reagents

PVDF (Kynar K-761) powders (MW = 441000) were obtained
from EIf Atochem of North America Inc. The solvent, NMP
(reagent grade), was obtained from Merck Chemical Co. They
were used as received. The monomer, 4VP, of 95% purity and
purchased from Aldrich Chemical Company of Milwaukee,
WI, USA, was distilled under reduced pressure before use.

2.2 Ozone preactivation of PVDF and thermally induced graft
copolymerization of 4VP with PVDF (4VP-g-PVDF copolymer)

PVDF powders were dissolved in NMP to form a 7 wt.%
solution. A continuous O3/O, mixture stream was bubbled
through 30 mL of the PVDF/NMP solution at room tem-
perature (~25 °C) for about 15 min. The O3/O, mixture
stream was generated from an Azcozon RMU16-40EM ozone
generator. The flow rate was adjusted to 300 L h™! to result in
an ozone concentration of about 0.27 g L' in the gaseous
mixture. After the ozone preactivation, the polymer solution
was cooled in an ice bath. An argon stream was introduced
for about 30 min to degas the ozone and oxygen dissolved in
the solution. The 4VP monomer and NMP solvent were then
added to achieve a specific [4VP])/[-CH,CF,-] molar feed ratio
and to adjust the total solution to 40 mL. After an additional
15 min of argon purging, the temperature of the water bath was
raised to 60 °C to induce the decomposition of peroxide groups
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on the PVDF chains and to initiate the graft copolymerization
of 4VP. During the 4 h of thermal graft polymerization, a
constant flow of argon was maintained. After the reaction, the
reaction mixture was cooled in an ice bath and the resultant
4VP-g-PVDF copolymer was precipitated in an excess amount
of absolute ethanol (a good solvent for 4VP and its
homopolymer). After filtering, the copolymer was washed in
an excess volume of ethanol for 48 h. The solvent was changed
every 8 h. The copolymer sample was recovered and dried by
pump under reduced pressure for subsequent characterization.
The processes of ozone preactivation and thermally induced
graft copolymerization are shown schematically in Fig. 1.

2.3 Fabrication of the MF membranes

The MF membranes were prepared by the phase inversion
technique. The 4VP-g-PVDF copolymer powders were dis-
solved in NMP to a concentration of 12 wt.% at room
temperature. The copolymer solution was cast on a glass plate
and the glass plate was subsequently immersed in doubly
distilled water. After the membrane had detached from the
glass plates, it was extracted in a second bath of doubly distilled
water at 70 °C for 30 min. This procedure was to stabilize the
pore structure and to refine the pore size distribution. The
purified MF membrane was dried by pump under reduced
pressure for subsequent characterization. The structure of the
MF membranes is also shown schematically in Fig. 1.

2.4 Fourier transform infrared (FTIR) spectroscopy

After dispersion in KBr, the FTIR spectra of the homopolymer
and copolymer powders were measured on a Bio-Rad FTS 135
FT-IR spectrophotometer. Each spectrum was collected by
accumulating 16 scans at a resolution of 8§ wavenumbers.
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Fig. 1 Schematic illustration of the process of thermally induced graft
copolymerization of 4VP on the ozone-preactivated PVDF backbones
in NMP solution and the structure of the 4VP-g-PVDF MF membrane
prepared by phase inversion.

2.5 Copolymer composition analysis

The carbon, nitrogen and hydrogen elemental contents were
determined using a PerkinElmer 2400 element analyzer. Taking
into account the stoichiometries of the graft and the fluoro-
polymer chains, the bulk graft concentration, defined as the
number of 4VP repeat units per repeat unit of PVDF, or the
([-4VP-)/[-CH,CF>-])puix ratio, can be calculated from eqn. (1):

([AVPY/[-CHCFyouic =
2[NJ/(C] — 7[N]) x 100% (1)

where the factors 2 and 7 are introduced to account for the fact
that there are 2 and 7 carbon atoms per repeat unit of PVDF
and 4VP polymer, respectively.

2.6 Scanning electron microscopy (SEM)

The surface morphology of the MF membranes was studied
by SEM, using a JEOL 6320 scanning electron microscope.
The membranes were mounted on the sample studs by means
of double-sided adhesive tape. A thin layer of palladium was
sputtered onto the membrane surface prior to the SEM
measurement. The measurements were performed at an acce-
lerating voltage of 8 kV.

2.7 Pore size measurement

The pore sizes and the pore size distributions of the 4VP-g-
PVDF membranes were measured using a Coulter Porometer
IT apparatus, manufactured by Coulter Electronics Ltd.,
Buckinghamshire, UK. The commercial product, Porofil®,
for the Coulter Porometer instrument was used as the wetting
agent.

2.8 X-Ray photoelectron spectroscopy (XPS)

XPS measurements were made on a Kratos AXIS HSi
spectrometer with a monochromatized Al Ko X-ray source
(1486.6 eV photons) at a constant dwell time of 100 ms and
a pass energy of 40 eV. The anode current was 15 mA. The
pressure during the analysis was maintained at below 5 x
10~® Torr. The polymer membranes were mounted on the
sample studs by means of double-sided adhesive tape. The
core-level signals were obtained at a photoelectron take-off
angle (o, with respect to the sample surface) of 90°. All binding
energies (E,) were referenced to the C 1s hydrocarbon peak
at 284.6 eV or the CF, peak of PVDF at 290.5 eV. In peak
synthesis, the full width at half maximum (FWHM) of the
Gaussian peaks was maintained constant for all components
in a particular spectrum. Surface elemental stoichiometries
were determined from peak-area ratios, after correcting with
the experimentally determined sensitivity factors, and were
reliable to +5%. The elemental sensitivity factors were deter-
mined using stable binary compounds of well-established
stoichiometries.

2.9 Thermogravimetric analysis (TGA)

The thermal stability of the 4VP-g-PVDF copolymers was
studied by TGA. The samples were heated from room
temperature to about 700 °C at a rate of 10 °C min~ ' under
a dry nitrogen atmosphere in a Du Pont Thermal Analyst
2100 system, equipped with a TGA 2050 thermogravimetric
thermal analyzer.

2.10 pH-dependent flux of aqueous solutions through the 4VP-g-
PVDF MF membranes

A 4VP-g-PVDF MF membrane was immersed in an aqueous
HCI solution of a prescribed pH value for several minutes.
It was then mounted on a microfiltration cell (Toyo Roshi
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UHP-25, Tokyo, Japan). An aqueous HCI solution of the
same pH value was added to the cell. Sodium chloride was
added to adjust the ionic strength of the aqueous solution to
0.1 mol L™ !. The flux was calculated from the weight of solution
permeated per unit time and per unit area of the membrane

surface under a nitrogen atmosphere of 0.03 kg cm 2.

3 Results and discussions

3.1 Ozone pre-activation of PVDF and graft copolymerization
of 4VP with PYDF (4VP-g-PVDF copolymer)

Ozone treatment has been widely adopted to generate the
peroxide and hydroperoxide species on polymer chains and
surfaces.”> ¢ These functional groups can be used to initiate
the free radical polymerization of vinyl monomers to produce
the graft copolymers.?® For this and other chain polymeriza-
tion reactions, in general, the initiator decomposition is the
rate-limiting step. The activation energy and Arrhenius
coefficient (In A) for the decomposition reaction of the
initiators on the ozone-preactivated PVDF chains are reported
to be about 39 kJ mol~ ' and 5.8, respectively.27 Thus, the value
of A4 is about 330 s™!. Based on these data, the half-life of the
peroxide groups at 60 °C is calculated to be about 45 min.
Thus, it is probably sufficient to fix the reaction time at 4 h for
the thermally induced initiator decomposition and graft
copolymerization in this work. The processes of ozone
preactivation, graft copolymerization, and MF membrane
fabrication are illustrated schematically in Fig. 1.

3.1.1 Composition analyses of the 4VP-g-PVDF copolymers.
In general, the amount of peroxide groups created on the
PVDF chains by the ozone pretreatment, or the initiator
concentration, depends on the treatment temperature, ozone
concentration and treatment time.?’ Previous studies had
shown that an ozone pretreatment time of 15 min under the
present experimental conditions could result in a peroxide
content of about 107* mol g~! of PVDF, as determined by
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay.?® Excessive
ozone pretreatment will lead to the over-oxidation and
degradation (scission) of the polymer chains, especially when
the treatment time is above 15 min. Thus, the ozone
pretreatment time is fixed at 15 min in the present work.

For the graft copolymerization of 4VP with PVDF, the 4VP
monomer feed ratio is an important parameter that can be used
to regulate the graft concentration. Elemental analysis suggests
that the bulk graft concentration, defined either as the ([-4VP-—
V[~CHCF>-])puic ratio or simply as the ([INJ/[C])pui ratio,
increases with the increase in the [4VP]/[-CH,CF,-] molar feed
ratio used for the graft copolymerization. The bulk [N}/[C]
ratio, obtained from the elemental analysis, and the corre-
sponding bulk graft concentration, calculated from eqn. (1), as
a function of the monomer feed ratio ([4VP])/[-CH,CF,-] ratio)
is shown in Fig. 2. Comparison of the bulk graft concentration,
or the ([(4VP-]J/[-CH,CF>])pux ratio, with the molar feed
ratio in Fig. 2 indicates that the grafting efficiency decreases
from about 6% to about 2% with an increase in the [4VP]/[-
CH,CF»,-] feed ratio from 0.61 to 3.66. This result suggests that
the graft copolymerization reaction is limited by the peroxide
initiator concentration, and not by monomer diffusion.
Furthermore, at a low bulk graft concentration, a finite
amount of PVDF homopolymer probably coexists in the
grafted fraction. The removal of the PVDF homopolymer from
the graft copolymers by solvent extraction will be difficult.

3.1.2 FTIR spectra of the 4VP-g-PVDF copolymers. The
FTIR spectra of the 4VP-g-PVDF copolymers, obtained from
different monomer feed ratios were also studied. Compared to
that of the pristine PVDF and that of the 4VP homopolymer,
the spectra of the 4VP-g-PVDF copolymers contain the
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Fig. 2 Effect of [[4VP-]/[-CH,CF,-] molar feed ratio on the bulk [N}/
[C] ratio and the bulk graft concentration ([-4VP-]/[-CH>CF>Jpuix
ratio) of the 4VP-g-PVDF copolymer.

characteristic absorption band for the pyridine groups (v =
1602 cm_l), associated with the grafted 4VP chains.?® Since the
concentration of a functional group is directly proportional to
the absorption peak area in the FTIR spectrum, the ratio of the
absorption peak area at 1602 cm ™! to that at 1120-1280 cm ™!
(the absorption band associated with the CF, groups of
PVDF?) is directly related to the bulk graft concentration of
the 4VP side chains in the respective 4VP-g-PVDF copolymer.
The FTIR spectroscopic results indicate that the bulk graft
concentration increases with an increase in the respective [4VP]/
[-CH,CF,-] molar feed ratio used for graft copolymerization.
This result is in a good agreement with that obtained from
the element analysis.

3.1.3 TGA of the 4VP-g-PVDF copolymers. One of the
unique properties of the pristine PVDF is its outstanding
thermal stability. The thermal stability of the 4VP-g-PVDF
copolymers was studied by TGA. Fig. 3 shows the respective
TGA curves of three 4VP-g-PVDF copolymers of different
bulk graft concentrations, the pristine PVDF and the 4VP
homopolymer. In comparison with the pristine PVDF and 4VP
homopolymer, the 4VP-g-PVDF copolymers show an inter-
mediate weight loss behavior. Differing from the two homo-
polymers, the 4VP-g-PVDF copolymers undergo a distinct
two-step thermal decomposition process. The onset of the first
major weight loss occurs at about 300 °C, corresponding to the
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Fig. 3 TGA curves of: 1, pristine PVDF; 2-4, 4VP-g-PVDF copoly-

mers of different bulk graft concentrations ([-4VP-]/[-CH,CF>—]puix
ratios), 0.038 (2), 0.068 (3) and 0.083 (4); and 5, 4VP homopolymer.



decomposition of the 4VP side chains of the copolymer. The
second major weight loss commences at about 400 °C, which
coincides with the thermal decomposition temperature of the
PVDF main chains. The TGA curves also indicate that the
extent of weight loss of the 4VP-g-PVDF copolymer during
the first step of thermal decomposition is approximately equal
to the content of the 4VP segments in the respective graft
copolymer.

3.2 MF membranes fabricated from the 4VP-g-PVDF
copolymers

After the 4VP-g-PVDF MF membranes were fabricated by the
phase inversion technique in water and at room temperature
from the 12 wt.% NMP solutions of the respective copolymers,
the surface composition and morphology of the membranes
were investigated by XPS and SEM, respectively.

3.2.1 XPS analysis of the 4VP-g-PVDF MF membranes. The
C 1s core-level spectra of the membranes cast from 12 wt.%
NMP solutions of the pristine PVDF, the ozone-preactivated
PVDF, and the 4VP-g-PVDF copolymers from different molar
feed ratios ([4VP)/[-CH,CF,-] = 0.61, 2.44, and 3.66, respec-
tively) are shown in Fig. 4. For the pristine PVDF MF membrane,
the C 1s core-level spectrum can be curve-fitted with two peak
components at E values of about 285.8 eV and 290.5 eV,
attributable to the CH, and CF, species, respectively.”® The
ratio of the two species, determined from their spectral peak
area ratio after curve-fitting, is about 1.06. The ratio is in
a good agreement with the theoretical ratio of 1.0 dictated by
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Fig. 4 XPS C 1s core-level spectra of the MF membranes cast by phase
inversion from 12 wt.% NMP solutions of: (a) the pristine PVDF
homopolymer; (b) the PVDF after 15 min of ozone pretreatment; and
(c)—(e) the 4VP-g-PVDF copolymers prepared from [4VP]/[-CH,CF,-]
molar feed ratios of 0.61 (c), 2.44 (d) and 3.66 (e).

the chemical structure of PVDF. The C 1s core-level spectrum
of the PVDF membrane cast from the NMP solution after
15 min of ozone pretreatment can be curve-fitted with three
peak components at E}, values of about 285.8 eV, 286.2eV and
290.5 eV, attributable to the CH, species, the CO species
created on the PVDF main chains during ozone preactivation
in NMP solution, and the CF, species, respectively.”® The C 1s
core-level spectrum of the 4VP-g-PVDF MF membranes can
be curve-fitted with five peak components using the following
approach. The peak components of about equal intensities at
about 285.8 eV and 290.5 eV are assigned to the CH, and CF,
species, respectively, of the PVDF main chains of the copolymer.
The peak components at about 284.6 eV and 285.5 eV are
assigned to the CH and CN species of the grafted 4VP polymer
side chains in the copolymers. The peak component at about
286.2 eV is assigned to the CO species.”

The C 1s core-level spectra in Fig. 4 show that after ozone
preactivation and graft copolymerization, the peak intensities
of the (CH,)pypr and CF; species are reduced, especially when
the [4VP]/[-CH,CF,-] molar feed ratios are greater than 2. The
proportion of the CF, species, determined from the CF, peak
component spectral area, decreases from about 48% to about
10% when the [4VP]J/[-CH,CF,-] feed ratio used for graft
copolymerization increases from 0 (the pristine PVDF MF
membrane) to 3.66. In addition to the actual graft copolymer-
ization, surface enrichment of the grafted hydrophilic 4VP side
chains has to be taken into account and will be discussed in
detail later. The spectra also indicate that the spectral area
ratio of the (CH)4yp component at 284.6 eV to that of the CF,
component at 290.5 eV increases with the increasing [4VP)/
[[CH,CF,-] feed ratio used for graft copolymerization,
consistent with the increase in the graft concentration. The
surface [N]/[C] ratio for the 4VP-g-PVDF MF membrane is
determined from the respective N 1s to C 1s core-level spectral
area ratio. The surface graft concentration of the 4VP polymer
on the MF membranes, or ([-4VP-]/[-CH,CF>])surface ratio,
is determined from the respective [N]/[C] ratio by taking
into account the elemental stoichiometries of the graft and
the fluoropolymer chains, as in the case of the bulk graft
concentration. Fig. 5 shows that the surface graft concentra-
tion of the 4VP polymer on the 4VP-g-PVDF MF membranes
increases with the [4VP)/[-CH,CF,-] feed ratio used for graft
copolymerization.

The bulk graft concentration of the copolymers (determined
by element analyses) and the surface graft concentration of the
corresponding MF membranes fabricated by the phase
inversion process (determined by XPS analyses) are compared
in Fig. 6. It is clear that the surface graft concentration is
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phase inversion from the 12 wt.% NMP solution of the respective 4VP-
g-PVDF copolymer.

always higher than the corresponding bulk graft concentration.
Due to the immiscibility of the more hydrophilic 4VP polymer
side chains with the hydrophobic PVDF main chains, surface
enrichment of the hydrophilic component occurs in the copoly-
mer membranes during the phase inversion process in water.

3.2.2 Surface morphology of the 4VP-g-PVDF MF mem-
branes. The dependence of the surface morphology of
4VP-g-PVDF MF membranes on the graft concentration was
investigated by SEM. The SEM images, obtained at a mag-
nification of 5000x, for the MF membranes cast by
the phase inversion technique at 25 °C from the 12 wt.%
NMP solutions of the pristine PVDF powders and three 4VP-
g-PVDF copolymers (bulk graft concentration or [-4VP-]/
[FCH,CFo—Jpue = 0.038, 0.068 and 0.083, respectively) are
shown in Fig. 7. The SEM results indicate that the membranes
cast from the NMP solutions of the 4VP-g-PVDF copolymer
samples have a higher porosity than that cast from the NMP

15kV 5000 Spm pé

(b) 4VP-g-PYDF Membrane
[-4VP-]/[-CH,CF3-]pui = 0.038

I5kV 5000x 5Spm pév3_F2 15 kV 5000x 5 pm _p6v3_F2

(c) 4VP-g-PVDF Membrane
[-4VP-II’[-CH1CF2-][,U"‘ =0.068

(d) 4VP-g-PVDF Membrane
[-4VP-]I‘I-CH2CF2-]|,U||( =0.083

Fig. 7 SEM micrographs of the MF membranes cast by phase
inversion from the 12 wt.% NMP solution of: (a) the pristine PVDF;
and (b)—(d) the 4VP-g-PVDF copolymers of bulk graft concentrations
([F4VP-)/[-CH,CF—]pui ratios) of 0.038 (b), 0.068 (c) and 0.083 (d).
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solution of the pristine PVDF and the pore size appears to
increase with the bulk graft concentration of 4VP polymer in
the copolymers. In the presence of the more hydrophilic 4VP
polymer side chains, surface enrichment of the 4VP polymers
takes place during phase inversion in water to maximize the
interfacial interaction between the pore surface and water,
resulting in an increase in the pore size. For the 4VP-g-PVDF
MF membrane with a high graft concentration, mass migration
and accumulation of the 4VP chains at the water/PVDF
interface during phase inversion readily give rise to a large pore
size.

3.3 Pore size measurements and pH-sensitive flux behavior
through the 4VP-g-PVDF MF membranes

3.3.1 Pore size measurements of the 4VP-g-PVDF MF
membranes. The pore sizes of the various 4VP-g-PVDF MF
membranes were measured on a Coulter Porometer II
apparatus using the commercial fluid Porofil® as the wetting
agent. The Porofil®-wetted membrane samples were subjected
to an increasing pressure from 0.1 to 8.6 kg cm ™2 exerted
by nitrogen. As the imposed pressure increases, it will reach a
point at which it can overcome the surface tension of the liquid
in the largest pores and will push the liquid out. The pressure
is termed the minimum bubble point and corresponds to the
measurement of maximum pore size. Increasing the pressure
will further allow the gas to flow through smaller pores until all
the pores have been emptied. The result is governed by the
Washburn equation (eqn. )%

Pr = 2ycost 2

where P is the pressure, r is the average pore radius of the
measured membrane sample, and ycosf is the Wilhelmy surface
tension. The average pore sizes of the various MF membranes
cast from the 4VP-g-PVDF graft copolymers of different
graft concentrations are shown in Table 1. It indicates that the
average pore size of the 4VP-g-PVDF MF membrane increases
with the graft concentration of the 4VP side chains in the
copolymer.

The dependence of pore size of the 4VP-g-PVDF MF
membrane on the pH of the aqueous casting solutions is
also shown in Table 1. The pore size of the 4VP-g-PVDF MF
membrane increases with the decreasing pH value of the casting
bath. Thus, a high proton concentration of the casting bath will
lead to a large pore size. The phenomenon probably arises from
the interaction equilibrium between the pyridine groups on the
pore surfaces and the protons in the acidic solution. The pore
size of the 4VP-g-PVDF MF membranes is also dependent on
the concentration of the copolymer in the casting solution, as
shown in Table 1. The pore size decreases drastically with the
increase in concentration of the 4VP-g-PVDF copolymer in the
casting solution. At a low copolymer solution concentration,
the extraction of the solvent from the bulk and the polymer-
solvent phase is facilitated. As a result, larger pore sizes are
obtained for the 4VP-g-PVDF MF membranes cast from the
copolymer solution of lower concentration. The pore size
measurement also suggests that the pore size distribution of
the 4VP-g-PVDF MF membranes is similar to that of the
commercial PVDF MF membranes of standard diameters (d)
between 0.45 pm and 0.65 um. Thus, commercial PVDF
membranes with d = 0.45 pm and d = 0.65 um were selected
as the pristine PVDF MF membranes for comparative flux
studies in the present work.

3.3.2 pH-dependent flux behavior of aqueous solutions
through the 4VP-g-PVDF MF membranes. The pH-dependent
flux behavior of aqueous solutions through the 4VP-g-PVDF
MF membranes is shown in Fig. 8. The permeability of
aqueous solutions through the pristine PVDF MF membranes



Table 1 Pore size distribution of the 4VP-g-PVDF MF membranes”

pH of Concentration
Molar feed ratio Bulk graft concentration casting of casting solution Min pore Max pore Mean pore
[4VP)/[-CH,CF»-] [-4VP-]/[-CH,CF,-] bath (wt.%) size/pm size/pm size/pm
Effect of bulk graft concentration on the pore-size distribution”
0.61 0.038 6 12 0.23 2.14 0.95
1.02 0.041 6 12 0.33 2.84 1.03
1.83 0.056 6 12 0.26 2.94 1.08
2.44 0.058 6 12 0.37 2.14 1.23
3.05 0.068 6 12 0.39 2.28 1.31
3.66 0.083 6 12 0.48 3.62 1.38
Effect of pH value of the casting bath on the pore-size distribution®
3.05 0.068 6 12 0.85 3.18 1.38
3.05 0.068 4 12 0.89 2.84 1.50
3.05 0.068 2 12 0.83 2.55 1.54
3.05 0.068 1 12 0.39 4.16 1.67
Effect of solution concentration on the pore-size distribution®
2.44 0.058 6 10 0.23 2.52 1.83
2.44 0.058 6 12 0.37 2.14 1.23
2.44 0.058 6 15 0.16 0.72 0.22

“For the commercial PVDF membranes with standard pore diameters d = 0.45 and 0.65 um. PVDF (d = 0.45 pm): max pore size = 1.86 um,
min pore size = 1.17 pm, mean pore size = 1.41 um. PVDF (d = 0.65 pm): max pore size = 2.40 um, min pore size = 1.42 um, mean pore
size = 1.96 pm. “Cast in doubly distilled water. “Cast in aqueous HCI solution with a specific pH value; sodium chloride is added to fix the
ionic strength of the casting bath at 0.1 mol L', “Cast in doubly distilled water.
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Fig. 8 pH-dependent permeability of aqueous solution through the
AAc-g-PVDF, pristine PVDF and 4VP-g-PVDF MF membranes.
Curve 1 is from the flux through the AAc-g-PVDF MF membrane
(average pore size 1.52 um, surface graft concentration ([-AAc-J/
[~CH,CF>lsurface) = 0.97).22 Curves 2 and 3 are from fluxes through
the commercial PVDF membranes (standard pore diameter: d = 0.65
and 0.45 pum, respectively, and with characteristic pore size distribution
similar to those of 4VP-g-PVDF copolymer membranes). Curves 4 and
5 are obtained from two 4VP-g-PVDF MF membranes with surface
graft concentrations ([-4VP-]J/[-CH,CF>—)surface) Of 0.55 and 0.13,
respectively.

is pH-independent (curves 2 and 3). On the other hand, the
flux of the aqueous solution through the 4VP-g-PVDF MF
membranes exhibits a pH-dependent behavior. The permea-
tion rate increases with increasing solution pH from 1 to 6
(curves 4 and 5). The pH-dependent flux behavior is opposite to
that of the MF membranes prepared from PVDF with poly-
(acrylic acid) grafted side chains (curve 1).%* Furthermore, the
sensitivity of the pH-dependent change in flux of the aqueous
solution through the 4VP-g-PVDF MF membrane is enhanced
by an increase in the 4VP polymer graft concentration.

The change in permeability or flux in response to the change
in solution pH can be attributed to the change in conforma-
tions of the graft chains on the membrane surface, especially on
the pore surfaces. Due to the non-ionizablity of the polymer

chains in the pristine PVDF MF membranes, the polymer
chain conformation and the membrane pore dimension will
remain constant at all pH values. On the other hand, as a weak
base, the pyridine groups of the grafted 4VP side chains are
protonated and become complexed in an acid solution. The
resulting ionic character and the electrostatic repulsion among
the positively charged pyridinium nitrogen atoms overcome
the hydrophobic interactions among the alkyl segments of the
chains. The uncoiling of the polymer side chains and their
interactions with the aqueous solution lead to an extended
conformation in the pores.®® As a result, the effective pore
dimension, and thus the permeability of the aqueous solution
through the MF membrane, is reduced.

The present pH-dependent flux results for the aqueous
solution differ from the pH-dependent flux behavior of the
aqueous solution through the MF membrane prepared from
PVDF with grafted acid polymer side chains, in particular,
the PVDF with grafted poly(acrylic acid) side chains
(AAc-g-PVDF copolymers).>* As a weak acid (pK, = 4.3),
the carboxylic groups of the AAc-g-PVDF copolymer can
be ionized, or deprotonated, readily to become negatively
charged. With increasing pH values (pH > 3) of the solution,
most of the carboxylic groups are transformed into carboxylic
ions. Strong electrostatic repulsion among the carboxylic
ions, together with their strong interaction with the aqueous
solution, forces the AAc polymer side chains to adopt a
highly extended conformation. The extension of the AAc
polymer side chains into the pores reduces the effective pore
dimension, and results in the reduced permeability of the
aqueous solution of high pH value through the AAc-g-PVDF
MF membrane.?® Thus, the present 4VP-g-PVDF MF mem-
branes, prepared from PVDF with grafted basic polymer
(4VP polymer) side chains, complement the AAc-g-PVDF MF
membranes in regulating the flux of the aqueous solutions in
the pH range 1-7.

3.4 Interaction of the 4VP polymer with protonic acids

For the nitrogen-containing species, such as pyridine and
imidazole, hydrogen bonding with proton-donating species,
such as phenols, carboxylic acids, inorganic acids and water,
occurs readily.®' ¢ Thus, the pyridine groups of the grafted
4VP side chains can become involved in two types of
interaction in acidic solutions, viz., hydrogen bonding and
pyridine protonation, that lead to the observed pH-dependent
flux of the aqueous solutions through the 4VP-g-PVDF MF
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Fig. 9 XPS N Is core-level spectra of four MF membranes cast by
phase inversion from a 12 wt.% NMP solution of the 4VP-g-PVDF
copolymer ([-4VP-J/[-CH,CFyJsurface = 0.55) and after being
immersed for 5 min in aqueous solutions of different pH values: (a)
pH = 6,(b)pH = 3, (c) pH = 2,and (d) pH = 1

membrane. In order to investigate the interaction of the 4VP
side chains in the acid solutions, XPS was employed to study
the variation in the chemical state of the elemental nitrogen of
the pyridine group after the 4VP-g-PVDF MF membrane has
been exposed to acidic solutions of different pH values for
5 min. The N 1s core-level spectra of the resulting membranes
are shown in Fig. 9. The XPS spectra can be curve-fitted with
three components using the following approaches. The main
peak component at about 398.5 eV is assigned to the imine
(-N=) moiety of the pyridine rings, the peak component at
about 399.5 eV is assigned to the hydrogen-bonded imine, and
the peak component at about 400.8 eV is assigned to the
protonated pyridinium ions.>” " The latter species has been
reported to undergo a positive Ey, shift of 2.1-2.5 eV from the
neutral pyridine nitrogen.*”-** The N 1s spectra in Fig. 9 clearly
indicate that, when the proton concentration is low, or when
the pH value is higher than 2, the main form of interaction is
hydrogen bonding. The percentage of N atoms involved in the
hydrogen bonding increases from 9% to 21% when the pH
value of the solution decreases from 6 to 3. When the pH value
of the solution is decreased to 2, protonation of pyridine
becomes significant. The percentages of imine groups involved
in hydrogen bonding and protonation are about 21% and 7%,
respectively. When the solution pH is further decreased to 1,
the main form of interaction switches from hydrogen bonding
to protonation or the formation of the pyridinium ions. The
proportion of protonated imine groups increases to 19%, while
that of imine groups involved in hydrogen bonding is reduced
to 14%.

4 Conclusion

A new graft copolymer, 4VP-g-PVDF, was successfully
synthesized through the molecular graft copolymerization of
4VP with an ozone-preactivated PVDF backbone in NMP

3514 J. Mater. Chem., 2002, 12, 3508-3515

solution. The MF membranes prepared from 4VP-g-PVDF
copolymers of different graft concentrations by the phase
inversion technique in water showed enrichment of the
hydrophilic 4VP polymer on the surface. The mean pore size
of the 4VP-g-PVDF MF membranes increased with an
increasing 4VP polymer graft concentration, a decreasing pH
value of the casting bath, and a decreasing concentration of the
casting solution. The flux of the aqueous solution through the
4VP-g-PVDF MF membranes exhibited a strong dependence
on solution pH in the pH range 1-6, arising from the
interaction of the grafted 4VP polymer on the pore surface
with the aqueous solution through hydrogen bonding and
protonation. The present study has shown that molecular
functionalization by graft copolymerization prior to membrane
fabrication is a relatively simple and effective approach to the
preparation of membranes with well-controlled pore size,
uniform surface composition (including the composition of
pore surface), and pH-sensitive flux properties.
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