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ABSTRACT: Molecular modification of ozone-pretreated poly(vinylidene fluoride) (PVDF) via thermally
induced graft copolymerization with acrylic acid (AAc) in N-methyl-2-pyrrolidone (NMP) solution was
carried out (the AAc-g-PVDF copolymer). The microstructure and composition of the AAc-g-PVDF
copolymers were characterized by FT-IR, X-ray photoelectron spectroscopy (XPS), elemental analysis,
and thermogravimetric (TG) analysis. In general, the graft concentration increased with the AAc monomer
concentration used for graft copolymerization. Microfiltration (MF) membranes were prepared from the
AAc-g-PVDF copolymers by the phase inversion method. The bulk and the surface compositions of the
membranes were determined by elemental analysis and XPS, respectively. XPS analyses of the copolymer
membranes revealed a substantial surface enrichment of the hydrophilic AAc polymer graft. The pore
sizes of the pristine PVDF and the AAc-g-PVDF membranes were measured using a Coulter porometer.
The morphology of the membranes was studied by scanning electron microscopy (SEM). The rate of
permeation through the AAc-g-PVDF MF membranes changed reversibly in response to pH variation of
the aqueous solution, with the most drastic change in permeation rate occurring between pH 2 and 4.
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Introduction

Poly(vinylidene fluoride) (PVDF) has been known
since the 1960s for its excellent mechanical and phys-
icochemical properties. It has found widespread indus-
trial applications and research interests.}2 Its piezo-
electric properties have also been widely investigated.3*
The PVDF membranes are widely used in microfiltra-
tion (MF) and ultrafiltration (UF) due to their excellent
processability, chemical resistance, well-controlled po-
rosity, and good thermal property.> However, the ap-
plication of PVDF membranes is limited to some extent
by the hydrophobic nature of their surfaces, especially
the surfaces of the pores. For example, protein fouling
occurs both on the membrane surface and within the
pores when the conventional hydrophobic polymer mem-
branes are exposed to the protein-containing solutions
during filtration.®’ In recent years, hydrophilic PVDF
membranes from chemical and physical modification
have been widely studied and applied.®~1° Several
approaches have been developed to endow the conven-
tional hydrophobic membranes with hydrophilic proper-
ties. These approaches have included coating and
grafting techniques. In the former approach, the mem-
brane is dipped in a solution containing polymers
bearing the hydrophilic property.1112 On the other hand,
covalent immobilization of hydrophilic species onto the
surfaces of membranes can be achieved by surface
grafting of hydrophilic polymers or surface graft copo-
lymerization of the membrane with hydrophilic mono-
mers or macromonomers in solutions.'¥~17 For instance,
through grafting of the acrylic acid polymer on the
surfaces of PVDF membranes, hydrophilic and pH-
sensitive proprieties have been successfully imparted
to these membranes.10-18

Both the surface coating and grafting methods may
have their own shortcomings. For the coating method,
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the coated surface layers may be easily removable,
especially by changes in pH of the solution. On the other
hand, surface modification of existing membranes by
grafting or graft copolymerization is likely to be ac-
companied by changes in membrane pore size and pore
size distribution, leading to reduced permeability. In
addition, the extents of grafting on the membrane
surface and the surfaces of the pores may differ sub-
stantially. To overcome some of these shortcomings,
bulk-modified or chain-modified PVDF may be used as
the membrane fabrication material. In the present work,
we report on the synthesis and characterization of
PVDF with AAc polymer side chains from molecular
graft copolymerization. The graft copolymers are shown
to be promising materials for the fabrication of MF
membranes with well-defined pore sizes, bearing hy-
drophilic and pH-sensitive properties.

Experimental Section

2.1. Materials and Reagents. Poly(vinylidene fluoride)
(PVDF, Kynar K-761) powders having a molecular weight of
441 000 were obtained from EIf Atochem of North America Inc.
The solvent 1-methyl-2-pyrrolidone (NMP, reagent grade) was
obtained from Merck Chem. Co. Acrylic acid (AAc), of purity
~99.99%, was obtained from Aldrich Chemical Co.

2.2. Preactivation of PVDF in Solution. Ozone pretreat-
ment as an activation step for grafting and graft copolymer-
ization has been widely reported.’®=22 In this study, the PVDF
powders were dissolved in NMP to a concentration of 75 g/L.
A continuous stream of the O3/O, mixture was bubbled through
the solution at 25 °C. The O3/O, mixture was generated from
an Azcozon RMU16-04EM ozone generator. The gas flow rate
was adjusted to 300 L/h to give rise to an ozone concentration
of about 0.027 g/L of the gaseous mixture. The treatment time
was about 15 min to achieve the desired content of peroxides.?
After the ozone treatment, the polymer solution was cooled in
an ice bath, and the activated PVDF was precipitated in excess
ethanol. The solution was filtered, and the ozone-treated PVDF
was dried by pumping under reduced pressure at ambient
temperature.
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Figure 1. Schematic representation of the process of ther-
mally induced graft copolymerization of AAc with the ozone-
preactivated PVDF backbone.

2.3. Graft Copolymerization of PVDF with Acrylic
Acid: AAc-g-PVDF Copolymer. About 2 g of the ozone-
pretreated PVDF was dissolved in 25 mL of NMP. The PVDF
solution and AAc monomer were introduced into a three-
necked, round-bottom flask equipped with a thermometer, a
condenser, and a gas line. The AAc monomer concentrations
were varied from 0.05 to 0.45 g/mL. The final volume of each
reaction mixture was adjusted to 40 mL. The solution was
saturated with purified argon for 30 min under stirring. The
reactor flask was then placed in a thermostated oil bath at 60
°C to initiate the graft copolymerization reaction. A constant
flow of argon was maintained during the thermal graft
copolymerization process. After the desired reaction time, the
reactor flask was cooled in an ice bath, and the AAc graft-
copolymerized PVDF(AAc-g-PVDF) was precipitated in excess
ethanol (a good solvent for the AAc homopolymer). After
filtration, the AAc-g-PVDF copolymer was redissolved in 40
mL of acetone and then reprecipitated in 200 mL of ethanol.
The above procedure was repeated another two times. The
AAc-g-PVDF sample was further purified by stirring for 24 h
in an excess amount of doubly distilled water at 55 °C to
remove the residual AAc homopolymer, if any. The processes
of ozone pretreatment of the PVDF chains and the thermal
graft copolymerization with AAc are shown schematically in
Figure 1.

2.4. Infrared Spectroscopy Measurements. FT-IR spec-
tra of the thin copolymer films cast from acetone solutions were
obtained from a Bio-Rad FTS 135 FT-IR spectrophotometer.
Each spectrum was collected by cumulating 16 scans at a
resolution of 8 wavenumbers.

2.5. XPS Measurements. X-ray photoelectron spectroscopy
(XPS) measurements were made on a Kratos AXIS HSi
spectrometer with a monochomatized Al Ko X-ray source
(1486.6 eV photons) at a constant dwelling time of 200 ms and
a pass energy of 40 eV. The anode current was 15 mA. The
pressure in the analysis chamber was maintained at 5.0 x 108
Torr or lower during each measurement. The polymer films
and membranes were mounted on the standard sample studs
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by means of double-sided adhesive tapes. The core-level signals
were obtained at the photoelectron takeoff angle (o, with
respect to the sample surface) of 90°. All binding energies
(BE’s) 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 line width (full width at half-maximum, or fwhm) for 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.

2.6. Water Contact Angle Measurements. Static water
contact angles of the PVDF films cast from acetone solutions
of the pristine, the ozone-treated, and the AAc graft-copoly-
merized PVDF powders were measured at 25 °C and 60%
relative humidity, using the sessile drop method on a telescopic
goniometer (Rame-Hart model 100-00(230)). The telescope
with a magnification power of 23x was equipped with a
protractor of 1° graduation. For each angle reported, at least
five sample readings from different surface locations were
averaged. The angles reported were reliable to +3°.

2.7. Elemental Analyses. Elemental analyses of the copoly-
mer samples were performed by the Microanalysis Centre of
the National University of Singapore. The bulk C contents
were determined on a Perkin-Elmer 2400 elemental analyzer.
The F contents were determined, on the other hand, by the
SchOniger combustion method. 2*

2.8. Thermal Analyses. The thermal properties of the
copolymer samples were measured by thermogravimetric (TG)
analyses. The polymer samples were heated to 700 °C at a
heating 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.

2.9. Preparation of Microfiltration (MF) Membranes.
MF membranes were prepared by phase inversion from a
solution containing 12% (w/w) polymer or copolymer in 1-meth-
yl-2-pyrrolidone (NMP). The polymer or copolymer solution
was cast onto a glass plate, which was then immersed in a
bath of doubly distilled water after the polymer solution had
been subjected to a brief period of evaporation in air. Each
membrane was left in water for about 20 min after separa-
tion from the glass plate. It was then extracted in a second
bath of double-distilled water at 70 °C for 30 min. Such a heat
treatment step was commonly performed during the fabrica-
tion of commercial membranes in order to refine the pore size
distribution.?> The purified membranes were dried under
reduced pressure for subsequent characterization.

2.10. Morphologies and Pore Sizes of the MF Mem-
branes. The surface morphology of the MF membranes was
studied by scanning electron microscopy (SEM), using a JEOL
6320 electron microscope. The membranes were mounted on
the sample studs by means of double-sided adhesive tapes. A
thin layer of gold was sputtered on the sample surface prior
to the SEM measurement. The SEM measurements were
performed at an accelerating voltage of 8 kV.

The pore sizes of the pristine PVDF and the AAc-g-PVDF
membranes were measured using a Coulter porometer Il
apparatus, manufactured by Coulter Electronics Ltd., UK.
“POROFIL” (the pore wetting liquid for the Coulter porometer
instrument) was used as a wetting agent.

2.11. Measurements of pH-Dependent Solution Flux
through the MF Membranes. The AAc-g-PVDF MF mem-
brane was immersed in an aqueous solution of a prescribed
pH value and mounted on the microfiltration cell (Toyo Roshi
UHP-25, Tokyo, Japan). An aqueous solution of the same
prescribed pH value and a fixed ionic strength (I = 0.05 mol/
L) was added to the cell. 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?. The pH of the permeating solution was adjusted by
adding an aqueous solution of dilute HCI or NaOH. The ionic
strength of the solution was kept constant.
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Table 1. Peroxides Content, Intrinsic Viscosity, and Water Contact Angle of Pristine and Ozone-Treated PVDF

peroxides content?

water contact angle (deg) of the film

sample (mol/g of polymer) cast from acetone solution [OV/[C] ratio®
pristine PVDF 0 1.63 133 0
5 min ozone-treated PVDF 5x 107° 1.32 128 0.003
15 min ozone-treated PVDF 10 x 107° 1.17 120 0.007
30 min ozone-treated PVDF 13 x 1075 1.04 115 0.01

a Determined from reaction with DPPH. ® Intrinsic viscosity at 25 °C in NMP. ¢ Determined from the corrected O 1s and C 1s XPS
core-level spectral area ratio of the respective sample (obtained at the photoelectron takeoff angle, a, of 90°).

Results and Discussion

1. Ozone Pretreatment of PVDF in Solution. The
direct oxidation of polymer chains by ozone is a well-
known method for introducing peroxides and hydro-
peroxides for the subsequent graft polymerization.2°
Generally, the amount of peroxides introduced into a
polymer sample by ozone treatment can be regulated
by the treatment temperature, ozone concentration, and
treatment time.??2 In the preactivation of PVDF powders
dissolved in NMP, the solution was kept at room
temperature (25 °C), and the ozone concentration was
fixed at 0.027 g/L of the O3/O, mixture. The peroxide
contents of the ozone-treated PVDF samples, in moles
per gram of the activated PVDF and determined from
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, are
shown in Table 1. The data in Table 1 suggest that the
increase in the peroxide concentration of PVDF levels
off at the ozone treatment time between 15 and 30 min.
After the ozone treatment, the polymer has been
degraded to some extent, as suggested by the decrease
in intrinsic viscosity of the polymer solution. Earlier
studies?? have also shown that prolonged ozone treat-
ment will cause even more extensive chain scission.
Thus, a pretreatment time of 15 min is chosen in the
present work. This pretreatment time gives rise to a
peroxide content of about 10~ mol/g of the polymer.

2. Thermally Induced Graft Copolymerization of
PVDF with Acrylic Acid: AAc-g-PVDF Copoly-
mers. The peroxides on the activated PVDF chains are
used as initiators for the subsequent radical-induced
graft polymerization of acrylic acid (AAc). The initiator
decomposition is the rate-limiting step in radical po-
lymerization. It has shown that the activation energy
and the Arrehenius coefficient of the initiators in the
ozone-treated PVDF are 39 kJ/mol and 5.8, respec-
tively.2126 Based on these data, the half-life for the
decomposition of peroxides on the ozone-treated PVDF
was estimated to be about 45 min at 60 °C. Thus, a
polymerization time of 3 h at 60 °C should be sufficient
for the complete decomposition of the peroxides. In the
present study, when the polymerization time was longer
than 3 h or the weight ratio of [AAc] to [PVDF] in the
feed is equal to or above 7, gelation was observed. Thus,
the polymerization time was fixed at 3 h, and the weight
ratio of [AAc] to [PVDF] was varied from 1 to 6 in the
present work.

2.1. FT-IR Spectra of the AAc-g-PVDF Copoly-
mer Films. The structure of the AAc graft-copolymer-
ized PVDF (AAc-g-PVDF) was studied by FT-IR. The
FT-IR spectra of the copolymer thin films cast from the
acetone solutions of AAc-g-PVDF samples prepared from
various initial [AAc]:[PVDF] weight ratios were ob-
tained. Thus, the FT-IR spectra were obtained from
AAc-g-PVDF thin films of different graft concentrations
(to be specified below). The spectra of the AAc-g-PVDF
films all contain a characteristic band for the O—C=0
stretching (v = 1730 cm™1) associated with the COOH
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Figure 2. XPS C 1s core-level spectra of four MF membranes
cast by phase inversion from 12% (w/w) NMP solutions of (a)
the pristine PVDF and the AAc-g-PVDF copolymers prepared
from [AAc] to [PVDF] feed (weight) ratios of (b) 3, (c) 5, and
(d) 6.

groups of the grafted AAc chains. Since the concentra-
tion of a functional group is directly proportional to its
absorption peak area, the ratio of absorbance at 1730
cm™1 (A1730) to that at 1120—1280 cm~1 (A1120712801 the
absorption band associated with the CF, functional
group of PVDF?") is directly related to the AAc polymer
graft concentration. The FT-IR data suggest that the
graft concentration increases with the increase in [AAc]
to [PVDF] feed ratio for graft copolymerization, with the
most rapid increase being observed at a [AAc] to [PVDF]
ratio above 4.

2.2. XPS Analysis of the AAc-g-PVDF Mem-
branes. The compositions of AAc-g-PVDF membranes
are first studied by XPS. Figure 2a—d shows the
respective C 1s core-level spectra of the MF membranes
prepared from the pristine PVDF and the AAc-g-PVDF
copolymers of different feed compositions. In the case
of the pristine PVDF membrane (Figure 2a), the C 1s
core-level spectrum can be curve-fitted with two peak
components, with binding energies (BE) at 285.8 eV for
the CH, species and at 290.5 eV for the CF; species.?8
The ratio for the two peaks is about 1.04, which is in
good agreement with the structure of PVDF and the
data reported in the literature.2® On the other hand, the
C 1s core-level spectra of the AAc-g-PVDF membranes
are curve-fitted with five components using the follow-
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Figure 3. Effect of the [AAc] to [PVDF] feed (weight) ratio
on the bulk graft concentration of the AAc-g-PVDF copolymer.

ing approaches. The two peak components of about
equal intensities (with BE at 285.8 eV for the CH,
species and at 290.5 eV for the CF, species) can be
assigned to the PVDF main chains. The component with
BE at 288.5 eV is assigned to the O—C=0 species of
the grafted AAc polymer chains.?® The component with
BE at 284.6 eV, on the other hand, is attributed to the
hydrocarbon backbone of the grafted AAc polymer chain.
Finally, the peak component with BE at about 286.2 eV
is assigned to the CO species. The increase in graft
concentration with the [AAc] to [PVDF] feed ratio is
readily indicated by the steady increase in the O—C=0
peak component intensity and the steady decrease in
the CF, peak component intensity in Figure 2b—d. Thus,
in agreement with the FT-IR results for the copolymer
films, the XPS data suggest the same dependence of the
graft concentration in the AAc-g-PVDF membranes on
the [AAc] to [PVDF] feed ratio.

2.3. Bulk Graft Concentrations of the AAc-g-
PVDF Copolymers. The bulk graft concentrations of
the copolymers can be derived from the carbon-to-
fluorine ratio, obtained from the elemental analyses.
The graft concentration in terms of the number of AAc
repeat units per PVDF repeat unit, or the ([AAc]/
[PVDF])buik molar ratio, can be obtained readily from
the ([C)/[F])oui molar ratio by taking into account the
carbon stoichiometries of the graft and the main chains
and the carbon-to-fluorine ratio of the PVDF main
chains. Thus, the ([AAc]/[PVDF])puik molar ratio can be
calculated from the following relationship:

(IAAC)/[PVDF])pu = (213)([C] = [FDoun/[Flouik

where the factor 2/3 accounts for the fact that there are
2 and 3 carbon atoms per repeat unit of PVDF and AAc
polymer chains, respectively.

Figure 3 shows the dependence of the AAc polymer
graft concentration in the AAc-g-PVDF copolymer,
expressed as the ([CI/[Floux and ([AACl/[PVDF])buik
molar ratios, on the [AAc] to [PVDF] feed (weight) ratio
used for the thermally induced graft copolymerization.
The graft concentration increases with increasing AAc
monomer concentration used for graft copolymerization.
The effect of the AAc monomer concentration, however,
was limited by the onset of the gelation effect when the
[AAc] to [PVDF] feed (weight) ratio exceeded 6 under
the present graft copolymerization conditions.

3. Thermogravimetric Analysis of the AAc-g-
PVDF Copolymers. The thermal stability of the graft
copolymers is studied by thermogravimetric (TG) analy-
sis. Figure 4 shows the respective TG analysis curves
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Figure 4. TG analysis curves of (1) the PVDF homopolymer;
the AAc-g-PVDF copolymers of graft concentrations of (2)
[CV[Flouk = 1.01 or 0.7 wt % AAc polymer, (3) [CY/[Flouk =
1.09 or 5.7 wt % AAc polymer, (4) [C)/[Floux = 1.25 or 14.3 wt
% AAc polymer, (5) [CY/[F]ouk = 1.33 or 18 wt % AAc polymer;
and (6) the AAc homopolymer.

of the pristine PVDF homopolymer, the AAc homopoly-
mer, and the AAc-g-PVDF copolymers of different graft
concentrations. The AAc-g-PVDF samples show inter-
mediate weight loss behavior in comparison to that of
the pristine PVDF homopolymer (curve 1) and that of
the AAc homopolymer (curve 6). A distinct two-step deg-
radation process is observed for the copolymer samples.
The onset of the first major weight loss at about 200 °C
corresponds to the decomposition of the AAc polymer
component. The second major weight loss begins at
about 400 °C, corresponding to the decomposition of the
PVDF main chain. The extent of the first major weight
loss at about 200 °C coincides approximately with the
AAc polymer content in the respective graft copolymer.

4. Surface Characterization of the AAc-g-PVDF
Copolymer Films and Membranes. The effects of the
AAc polymer graft concentration on the surface char-
acteristics of the resulting AAc-g-PVDF copolymer films
and membranes were evaluated by SEM, XPS, and
static water contact angle measurements. The surface
graft concentrations are determined from the XPS-
derived carbon-to-fluorine ratio. Taking into account the
fact that the PVDF main chain has a [C]/[F] molar ratio
of 1.0, the surface graft concentration, expressed in
terms of the number of AAc repeat units per PVDF
repeat unit or the ([AAC]/[PVDF])surtace ratio, of the
copolymer films (and membranes) can be obtained from
the XPS-derived surface [C)/[F] ratio and the same
relationship as that used to determine the bulk graft
concentration.

4.1. Water Contact Angles of the Copolymer
Films. After the ozone treatment in NMP solution, the
water contact angle of the PVDF film cast from acetone
solution decreased from 133° to 120°. Thus, the film cast
from the ozone-treated PVDF is less hydrophobic than
that cast from the pristine PVDF. The water contact
angle of a pure dense PVDF film with smooth surface,
obtained from Goodfellow Ltd. of Cambridge, U.K., is
about 82°. The large contact angle for the present PVDF
film is probably due to the high surface roughness of
the film cast from the acetone solution. A substantial
decrease in water contact angle of the PVDF film can
be achieved through graft copolymerization with AAc.
A contact angle as low as 30° was obtained at the graft
concentration (surface [C]/[F] ratio) of about 1.53. The
phenomenon is attributed to the hydrophilic nature of
the grafted AAc polymer side chains. Thus, with the
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Figure 5. SEM micrographs of the MF membranes cast with phase inversion from 12% (w/w) NMP solutions of (a) the pristine
PVDF and the AAc-g-PVDF copolymers of graft concentrations (([Cl/[F])surface ratios) of (b) 1.20, (c) 2.03, and (d) 2.46.

increase in the AAc polymer graft concentration, and
thus the amount of hydrophilic carboxyl groups, the
water contact angle of the PVDF film decreases.

4.2. Surface Morphologies and Compositions of
the MF Membranes Prepared from the AAc-g-
PVDF Copolymers. The surface morphologies of the
AAc-g-PVDF MF membranes were revealed by SEM.
The SEM images in Figure 5 are obtained at a magni-
fication of 2000x for MF membranes cast by the phase
inversion technique at 25 °C from 12% (w/w) NMP
solutions of pristine PVDF and three AAc-g-PVDF
copolymers of different graft concentrations. The mem-
branes cast from the NMP solutions of AAc-g-PVDF
copolymer samples have a much more uniform pore size
distribution and higher porosity than that cast from the
NMP solution of pristine PVDF.

The surface compositions of the AAc-g-PVDF MF
membranes prepared by the phase inversion method
were similarly determined from the XPS data and the
carbon and fluorine stoichiometries of the graft and the
main chains. Figure 6 shows the dependence of the
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Figure 6. Effect of the [AAc])/[PVDF] weight ratio in the feed
on the surface graft concentration of the AAc-g-PVDF copoly-
mer membranes.

surface graft concentration of the AAc-g-PVDF MF
membrane on the [AAc] to [PVDF] feed (weight) ratio
used for the thermally induced graft copolymerization.
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Table 2. Pore Sizes of the Pristine PVDF and the
AAc-g-PVDF MF Membranes

graft max min  mean

concentration  pore  pore pore

([AAC)/ sizeb  size?  sizeP

membrane sample [PVDFDsurface  (@m)  (um) (um)
PVDF (d2 = 0.22 um) 0 072 052 057
PVDF (d = 0.45 um) 0 1.86 1.17 1.41
PVDF (d = 0.65 um) 0 2.40 1.42 1.96
AAc-g-PVDF 1.20 298 1.30 1.66
AAc-g-PVDF 2.46 2.77 1.32 1.52

a d represents the standard pore size of the commercial pristine
PVDF membrane. Three commercial PVDF membranes, with
average pore sizes of 0.22, 0.45, and 0.65 um, are used. ? These
pore sizes were measured on the Coulter porometer Il which
utilized a liquid displacement technique.

The surface graft concentration increases almost lin-
early with the [AAc] to [PVDF] feed ratio at the [AAc]
to [PVDF] feed ratio above 2.

The surface [C)/[F] ratios (determined by XPS) and
the bulk [C]/[F] ratios (determined by elemental analy-
sis) for MF membranes cast from NMP solutions of AAc-
g-PVDF copolymers of different graft concentrations are
compared in Figure 7. It can be seen that the surface
[CY/[F] ratio is generally higher than the corresponding
bulk [C)/[F] ratio. This phenomenon is due to the
enrichment of the hydrophilic AAc polymer at the
outermost surface during the course of membrane
formation by the phase-inversion technique in an aque-
ous medium.

5. Analysis of Pore Size and pH-Dependent
Permeability of the AAc-g-PVDF MF Membranes.
The pore sizes of the pristine PVDF and various
AAc-g-PVDF membranes, as measured on the Coulter
porometer 1l, are summarized in Table 2. The
“POROFIL™ wetted sample is subjected to an increas-
ing pressure, exerted by a gas source. As the pressure
of gas 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 still further allows the gas to flow through
smaller pores, until all of the pores have been emptied.
The result is governed by the Washburn equation:3?

Pr =2y cos 0

where P is the pressure, r is the average pore radius of
a membrane sample, and vy cos 6 is the Wilhelmy surface
tension. The data in Table 2 show that the pore size
distributions of the AAc-g-PVDF membranes are similar
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Figure 8. pH-dependent water permeability through the AAc-
g-PVDF and the pristine PVYDF MF membranes. Curves 1 and
2 and curves 3 and 4 are obtained on two AAc-g-PVDF MF
membranes of different graft concentrations when subjected
to pH cycling, while curves 5 and 6 are the flux through the
commercial PVDF membranes (standard pore size, d = 0.65
um and d = 0.45 um, respectively) with characteristic pore
size distributions similar to those of the AAc-g-PVDF copoly-
mer membranes.

to those of the commercial PVDF membranes with
average pore diameters (d) between 0.45 and 0.65 um.
Thus, the commercial PVYDF membranes with d = 0.45
and 0.65 um were selected as the pristine PVDF MF
membranes for the comparative flux study in the
present work.

The pH-dependent flux of the aqueous solution through
the AAc-g-PVDF MF membranes is then investigated.
The results are shown in Figure 8. The permeability of
the pristine PVYDF MF membranes to an aqueous
solution is pH-independent (curves 5 and 6). The rate
of permeation of an aqueous solution through the AAc-
g-PVDF MF membrane, on the other hand, increases
with the decrease in solution pH from 6 to 1, with the
most drastic increase being observed between pH 2 and
4 (Figure 8, curves 1 and 3). The changes in permeation
rate in response to the changes in solution pH may be
attributed to the change in conformation of the AAc
polymer side chains on the surface (including the pore
surface) of the AAc-g-PVDF MF membrane. Under the
high-pH conditions (pH > 3), the AAc polymer side
chains adopt a highly extended conformation, arising
from the strong interaction with the agueous environ-
ment and the electrostatic repulsion among the side
groups. Thus, the grafted AAc chains extend into the
pores and reduce the permeation rate of the aqueous
solution. On the other hand, the AAc polymer chains
assume a helical conformation under the low-pH condi-
tions.32 The steric obstruction to the pores of the
membrane is substantially reduced. Hence, the perme-
ation rate is increased. This mechanism is termed a
“through-pore mechanism” and has been studied by
Israels et al.,3 using a two-dimensional self-consistent
mean-field (SCF) theory.

The pH-dependent changes in permeation rate for the
aqueous solutions with pH values between 1 and 6 are
completely reversible, as illustrated by the reversible
decrease in the permeation rate when the solution pH
is increased (Figure 8, curves 2 and 4). This result
suggests that both the extent of interaction with the
aqueous environment and the conformation of the graft
chains vary, reversibly, with the pH of the solution to
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control the effective pore size of the membrane. The data
in Figure 8 also show that the solution flux through the
membrane decreases with the increase in AAc-g-PVDF
graft concentration (compare curve 1 to curve 3 or curve
2 to curve 4). This phenomenon is consistent with the
hydrophilic nature of the graft chains. The increase in
graft concentration of the AAc polymer results in a
larger “dragging” effect exerted by the hydrophilic graft
chains at the solid—fluid interface.

Finally, it may be appropriate to state that, although
the pH-sensitive properties of the present AAc-g-PVDF
membranes are similar to those reported in the earlier
fine works involving modified PVDF membranes from
surface grafting,®34 the present work offers an alterna-
tive approach to membrane surface modification and
functionalization. Molecular modification of PVDF prior
to membrane casting allows a better control of the final
pore size and pore size distribution. The technique also
helps to minimize the disparity in graft concentrations
or chemical compositions of the membrane surface and
the surfaces of the pores. The technique is thus poten-
tially useful to the preparation of, for example, hollow
fiber membranes with uniformly functionalized fiber
and pore surfaces.

Conclusion

A new graft copolymer, AAc-g-PVDF, was successfully
synthesized through the molecular graft copolymeriza-
tion of AAc with the ozone-preactivated PVDF backbone.
The MF membranes prepared from the AAc-g-PVDF
copolymers of different graft concentrations by the phase
inversion technique in water showed enrichment of the
hydrophilic AAc polymer in the surface region. The flux
of the aqueous solution through the AAc-g-PVDF MF
membranes exhibited a strong and reversible depen-
dence on solution pH in the pH range of 1—6. Thus, the
new copolymer is a promising material for fabricating
MF membranes with well-controlled pore size, uniform
surface composition (including the composition of the
pore surface), and pH-sensitive properties.

The present study has shown that molecular func-
tionalization by graft copolymerization prior to mem-
brane fabrication is a relatively simple approach to the
preparation membranes with uniform surface (including
the pore surfaces) properties. Heterogeneous surface
graft polymerization on porous membranes has been
known to typically result in changes in membrane pore
size distribution.353¢ Thus, the molecular (homogeneous)
graft copolymerization approach to membrane fabrica-
tion may prove to be particularly useful in certain cases,
such as the case of hollow fiber membranes, where
uniform postfunctionalization by graft copolymerization
of the membrane and pore surfaces is expected to be
spatially difficult.
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