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ABSTRACT: Thermally-induced molecular graft copolymerization of 4-vinylpyridine (4VP) with the ozone-
preactivated poly(vinylidene fluoride) (PVDF) was carried out in N-methyl-2-pyrrolidone (NMP) solution
to produce the 4VP-g-PVDF copolymer. The resulting 4VP-g-PVDF copolymers with different graft
concentrations of the base polymer side chains were cast into microfiltration (MF) membranes by phase
inversion. When compared to the MF membranes prepared from PVDF with grafted acrylic acid (AAc)
polymer side chains from the earlier work, the 4VP-g-PVDF MF membranes also exhibited pH-sensitive
permeability to aqueous solutions, but in an opposite manner. The fabrication of membranes from
functional graft copolymers represented a relatively simple and effective approach to the preparation of
membranes with well-controlled pore size, uniform surface, and pore—surface composition, and pH-

sensitive flux properties.

Introduction

Because of its chemical inertness and good process-
ability, poly(vinylidene fluoride) (PVDF) has been ex-
tensively investigated for its application as a membrane
material.1~3 For certain applications, such as biofiltra-
tion and controlled drug release and delivery, mem-
branes are required to respond to the changes in
chemical environment, such as changes in pH value.*
In the absence of environmental sensitivity, the ap-
plicability of PYDF membranes in these areas will be
limited. It is well-known that pH sensitivity exists
within those polymers that contain acidic or basic
functional groups. Surface modification by graft copo-
lymerization of monomers containing these functional
groups on existing membranes has been shown to be a
convenient method to incorporate pH sensitivity.>~7

However, surface modification of existing membranes
by grafting or graft copolymerization is likely to be
accompanied by changes in the membrane pore dimen-
sion and pore size distribution, leading to reduced
permeability.8° 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 inver-
sion, to membrane fabrication may prove to be particu-
larly useful in certain cases. For example, uniform post-
functionalization by graft copolymerization of the hollow
fiber membranes and their pore surfaces is expected to
be spatially difficult. Earlier studies have described the
graft copolymerization of acrylic acid'® and vinylpyri-
dine!* with PVDF. Furthermore, a recent study has
shown that preparation of microfiltration membranes
from PVDF with grafted acrylic acid side chains (the
AAc-g-PVDF copolymers) by the phase inversion tech-
nique 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.12 In this report, we extend
the study to the synthesis and characterization of PVDF
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Figure 1. Schematic illustration of the processes of thermally
induced graft copolymerization of AAc and 4VP on the ozone-
preactivated PVDF backbones in solution and the preparation
of the AAc-g-PVDF and 4VP-g-PVDF MF membranes by phase
inversion.

with grafted base polymer side chains, viz., the 4-vi-
nylpyridine (4VP) polymer side chains. The resulting
4VP-g-PVDF copolymers can be cast into microfiltration
(MF) membranes by the phase inversion technique. The
processes are shown schematically in Figure 1. The AAc-
g-PVDF and 4VP-g-PVDF MF membranes exhibit pH-
sensitive permeability to aqueous solutions, but in an
opposite manner.

Experimental Section

The 4VP-g-PVDF copolymers were prepared by thermally
induced molecular graft copolymerization of 4VP (Aldrich
Chem. Co., Milwaukee, W1) with the ozone preactivated PVDF
(EIf Atochem of North America Inc., Tacoma, WA) at 60 °C in
N-methyl-2-pyrrolidone (NMP) solution under an argon at-
mosphere. The procedures were similar to those reported
earlier for the preparation of the AAc-g-PVDF copolymers.t?
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Table 1. Bulk and Surface Graft Concentration and Mean Pore Size of the 4VP-g-PVDF and AAc-g-PVDF Copolymer
Membranes as a Function of the Monomer Feed Ratio

[4VP])/[-CH.CF>—]2

[AACY[-CHCFo—]° (INJICDouk  (INV[CDsurtace  ([~4VP=V[-CHoCFo—Dpuk  ([=4VP—J[~CH;CF>~])surfacc ~ Mean pore
molar feed ratio (CVIFDbu  ([CV[FDsurface  ([=AAC—J/[-CH2CFo—Nbuik  ([=AAC—1/[-CH2CFo—]) surface  Size® (um)

0.612 0.02 0.05 0.04 0.13 0.95

3.00 1.01 1.20 0.01 0.13 1.67

1.22 0.02 0.08 0.04 0.32 1.03

4.0 1.05 1.52 0.03 0.35 1.63

3.05 0.03 0.09 0.07 0.55 1.31

5.0 1.15 2.04 0.10 0.69 1.56

3.66 0.04 0.10 0.08 0.68 1.38

6.0 1.30 2.44 0.20 0.97 1.52

aThe data in bold are for the 4VP-g-PVDF membranes P The data in italic are for the AAc-g-PVDF membranes and were obtained
from ref 12. ¢ For microfiltration membranes cast from 12 wt % copolymer solutions by phase inversion. For commercial PVDF membranes
with standard pore diameters of d = 0.45 and 0.65 um, the mean pore size are 1.41 and 1.96 um, respectively.

The bulk composition of the graft copolymers was character-
ized by elemental analysis. For thermogravimetric (TG) analy-
sis, 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. The pH-sensitive 4VP-g-
PVDF MF membranes were fabricated by phase inversion'?
at 25 °C from a NMP solution containing 12 wt % of the
respective copolymer, similar to the procedures adopted for
the preparation of the AAc-g-PVDF MF membranes.*? The
surface composition of copolymer membranes was studied by
X-ray photoelectron spectroscopy (XPS). The conditions for the
XPS measurements were similar to those reported earlier.?
Surface elemental stoichiometries were determined form peak
area ratios, after correcting with the experimentally deter-
mined sensitivity factors, and were reliable to within £5%.
Scanning electron microscopy (SEM) measurements were
carried out on a JEOL 6320 scanning electron microscope at
an accelerating voltage of 8 kV. Each sample surface was
lightly sputtered with gold. The pore sizes and pore size
distribution of the pristine PVDF membranes (commercial
products of the Millipore Corp., Bedford, MA) and copolymer
membranes were measured using a Coulter Porometer (Coulter
Electronics Ltd., Luton, U.K.), by the liquid displacement
technique.*? The morphology of the membranes was studied
by scanning electron microscopy (SEM). For flux measure-
ments, the membrane was immersed in an aqueous HCI
solution of a prescribed pH value and then mounted on the
microfiltration cell (Toyo Roshi UHP-25, Tokyo, Japan). An
aqueous solution of HCI of the same pH value was added to
the cell. NaCl is added to adjust the ionic strength (I) of the
acid solutions to 0.1 mol/L.

The chemical structure of the AAc-g-PVDF and 4VP-g-PVDF
copolymer powders was studied by FTIR (FTS135, Bio-Rad
Laboratories, Cambridge, MA) in transmission mode. Com-
pared to that of the pristine PVDF, the spectrum of the 4VP-
g-PVDF copolymers contains a characteristic absorption band
for the pyridine groups (v = 1602 cm™1), associated with the
grafted 4VP chains.** The ratios of the absorption peak areas
at 1602 cm™! to that at 1120—1280 cm~* (the absorption band
associated with the CF, groups of PVDF??) are directly related
to the bulk graft concentrations of the 4VP side chains in the
4VP-g-PVDF copolymers. The FTIR results indicated that the
bulk graft concentration increased with the increase in the
molar feed ratio of 4VP/PVDF ([4VP]/[-CH,CF,—]) used for
graft copolymerization.

Results and Discussion

The 4VP-g-PVDF copolymer exhibits an intermediate
thermal stability, when compared to that of the 4-vi-
nylpyridine homopolymer and that of PVDF. A two-step
thermal decomposition process was observed for the
copolymers. The onset of the first and second major
weight loss corresponded, respectively, to that of the
4P homopolymer (300 °C) and that of PVDF (400 °C).
The extent of weight loss for each 4VP-g-PVDF copoly-
mer during the first stage of thermal decomposition was

approximately equal to the content of the 4VP segments
in the graft copolymers. Similar weight loss behavior
was observed for the AAc-g-PVDF copolymers.12

XPS analyses of the respective copolymer mem-
branes suggest a substantial surface enrichment of the
grafted 4VP and AAc polymer side chains. The increase
in the graft concentration with the [4VP] or [AAc] to
[-CH,CF,—] feed ratio is readily indicated by the steady
increase in the —CH— peak component intensity and
the steady decrease in the CF, peak component inten-
sity in the C 1s core-level spectra. The bulk elemental
composition (determined by elemental analyses) and
the surface elemental composition (determined from
the XPS N 1s to C 1s (or C 1s to F 1s) core-level spectral
area ratios) for each copolymer membrane were com-
pared. The bulk and surface graft concentration, de-
fined as the number of 4VP or AAc repeat units per
repeat unit of PVDF, or the [-4VP—]/[-CH,CF,—] and
[-AAc—])/[-CH,CF,—] ratio, can be readily determined
from the [N]/[C] or the [C]/[F] ratio, by taking into
account the elemental stiochiometries of the graft and
the fluoropolymer chains. The results are summarized
in Table 1. For both types of copolymer membranes, the
surface graft concentration is always much higher than
the bulk graft concentration. Because of the immiscibil-
ity of the hydrophilic graft chains and the hydrophobic
PVDF chains, as well as the strong interaction of the
hydrophilic graft chains with the agueous medium,
surface enrichment of the hydrophilic grafted chains
occurs in both types of the copolymer membranes during
the phase inversion process in water.

The SEM images, obtained at a magnification 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 (([—4VP—]/[—CH2CF2—])buik = 0.04,
0.07, and 0.08, respectively), are shown in Figure 2. The
membranes cast from the NMP solutions of the 4VP-g-
PVDF copolymer samples have a higher porosity than
that cast from the NMP solution of the pristine PVDF.

The pore sizes of the commercial PVDF MF mem-
branes and the various AAc-g-PVDF and 4VP-g-PVDF
membranes were measured on the Coulter Porometer
Il apparatus. The results are given in Table 1. The pore
size distribution of the present AAc-g-PVDF and 4VP-
g-PVDF membranes are similar to those of the com-
mercial PVDF membranes with standard pore diam-
eters (d) between 0.45 and 0.65 um (see Table 1). Thus,
the commercial PVDF membranes with d = 0.45 and
d = 0.65 um were selected as the pristine PVDF MF
membranes for the comparative flux study in the
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Figure 2. SEM micrographs of the MF membranes cast by
phase inversion from 12 wt % NMP solution of (a) the pristine
PVDF and the 4VP-g-PVDF copolymers of graft concentrations
([—4VP—])/[-CH.CF2—]ouK ratios) of (b) 0.04, (c) 0.07, and (d)
0.08.
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Figure 3. pH-dependent water permeability through the
pristine PVDF, AAc-g-PVDF and 4VP-g-PVDF MF mem-
branes. Curves 1 and 2 are obtained from two AAc-g-PVDF
MF membranes with graft concentrations ([—AAc—]/[-CHx-
CF2—]surface ratios) of 0.97 and 0.13, respectively; Curves 3 and
4 are from fluxes through the commercial PVDF membranes
(standard pore diameters: d = 0.65 and 0.45 um, respectively);
Curves 5 and 6 are obtained from two 4VP-g-PVDF MF
membranes with graft concentrations ([—4VP—]/[-CH.CF,—
Jsurface ratios) of 0.55 and 0.13, respectively. (The mean pore
sizes for all the membranes are given in Table 1).

present work. The flux of aqueous solutions of different
pH values through the AAc-g-PVDF, the 4VP-g-PVDF,
and the pristine PVDF MF membranes were investi-
gated. The results are shown in Figure 3. The AAc-g-
PVDF and the 4VP-g-PVDF MF membranes were cast
from the 12 wt % NMP solution of the respective
copolymer. Differing from the flux through the pristine
PVDF MF membrane, the flux of the aqueous solution
through the AAc-g-PVDF and 4VP-g-PVDF MF mem-
branes exhibits a pH-dependent behavior. Because of
the nonionizability of the polymer chains in the pristine
PVDF MF membranes, the polymer chain conformation
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and the membrane pore dimension will remain constant
at all pH values. On the other hand, however, the
permeability through the AAc-g-PVDF MF membranes
decreases with the increase in the solution pH value
from 1 to 6, with the most drastic decrease being
observed at solution pH values between 2 and 4. The
changes in permeability in response to changes in
solution pH may be attributed to the changes in the
conformation of the AAc side chains on the surfaces
(especially those on the pore surfaces). As a weak acid
(pKa = 4.3), the carboxylic groups of the AAc-g-PVDF
copolymer can be ionized readily, or deprotonated, to
become negatively charged. With increasing pH values
(pH > 3), most of the carboxylic groups are transformed
into carboxylic ions. Strong electrostatic repulsion among
the carboxylic ions, together with their strong interac-
tion with aqueous solution, force AAc polymer side
chains to adopt a highly extended conformation. The
extension of the AAc side chains into the pores reduces
the effective pore dimensions and results in a reduced
permeability of the aqueous solution through the MF
membranes.1®

In contrast to the pH-independent nature of the flux
through the pristine PVYDF MF membrane and differing
from the pH-sensitive flux behavior through the AAc-
g-PVDF MF membrane, the flux of the aqueous solution
through the 4VP-g-PVDF MF membranes exhibits a
reversed pH-dependent behavior. The flow rate of the
aqueous solution through the 4VP-g-PVDF MF mem-
branes increases with the increase in solution pH from
1 to 6. As a weak base, the pendent 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 dimensions and thus the permeability
of the aqueous solution through MF membrane are
reduced. For both types of the MF membranes, the
magnitude of the pH-dependent change in flux is
enhanced by the increase in graft concentration.

The pyridine groups on the 4VP side chains can
become involved in two types of interactions, viz.,
hydrogen bonding and protonation (proton-transfer
interaction), that lead to the observed pH sensitivity of
the flux through the 4VP-g-PVDF MF membrane. XPS
was employed to study the variation in the chemical
state of the nitrogen after the 4vP-g-PVDF MF mem-
brane has been exposed to acidic solutions of different
pH values for 5 min. The resulting N 1s core-level
spectra are shown in Figure 4. For the nitrogen-
containing species, such as pyridine and imidazole,
hydrogen bonding with the proton-donating species,
such as phenols, carboxylic acids, inorganic acids, and
water, occurs readily.16720 All XPS spectra can be curve-
fitted with three components using the following ap-
proaches. The peak component at the binding energy
(BE) of 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 BE shift
of 2.1—-2.5 eV from the neutral pyridine nitrogen.21.22
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Figure 4. XPS N 1s core-level spectra of four MF membranes
cast by phase inversion from a 12 wt % NMP solution of the
4VP-g-PVDF copolymer ([—4VP—]/[-CH.CF2—]surface = 0.55)
and after being immersed for 5 min in aqueous solutions of
different pH value: (a) pH =6, (b) pH =3, (c) pH = 2, and (d)
pH = 1.

Figure 4 clearly indicates that, when the proton con-
centration 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 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 formation of
the pyridinium ions. The amount of protonated imine
groups increases to 19%, while that of imine groups
involved in hydrogen bonding is reduced to 14%.

Conclusions

Acrylic acid and 4-vinylpyridine had been graft-
copolymerized onto the ozone-preactivated PVDF main
chains in solution. XPS analyses of the resulting AAc-
g-PVDF and 4VP-g-PVDF MF membranes cast by phase
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inversion in water revealed a significant surface enrich-
ment of the hydrophilic components. The fluxes of the
aqueous solutions through both the AAc-g-PVDF and
4VP-g-PVDF MF membranes were pH-dependent, but
in an opposite manner. The phenomena arose from the
weak acid and base nature of the respective AAc and
4VP graft chains. The interactions between the pyridine
groups and the aqueous acid solutions included hydro-
gen bonding and pyridine protonation. When the proton
concentration was low, hydrogen bonding predominated.
Pyridine protonation became significant only when the
proton concentration was higher than 0.01 M.
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