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Surface modification of microporous PVDF membranes by ATRP
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Abstract

This contribution describes a methodology to convert commercially available, microporous membranes into ion-exchange membranes using
primary anchoring polymer (mono)layers and graft polymerization from the surfaces of the membranes. Atom transfer radical polymerization
(ATRP) was used to modify the membranes with pyridinium exchange groups. Polymerization time was used as the independent variable to
manipulate the amount of grafted poly(2-vinylpyridine) on the membrane surface. Results indicate that by changing polymerization time, it is
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ossible to tune the ion-exchange capacity and the average pore size in rational ways. Equally important, membranes with initially
ize distributions had narrower pore-size distributions following polymerization. A polymerization time of 24 h reduced the pore-
olydispersity (PDP) from 2.05 to 1.44. A polymerization time of 8 h resulted in a static ion-exchange capacity of 7.32× 10−2 mmol/g
7.32× 10−2 meq/g) of dry membrane.
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. Introduction

Membrane chromatography is a unit operation that
s suited well for bioseparation applications involving
arge proteins and macromolecules, such as plasmid DNA
1–5]. The advantages of membrane chromatography over
raditional packed-bed chromatography include improved
ass-transfer efficiency, lower pressure drop, more efficient

igand utilization, easier scalability, and lower cost[6].
ecause solute is transported to the membrane binding sites
rimarily by convection, rather than diffusion, processing
ates can be orders of magnitude higher for membrane
hromatography systems[7,8]. In addition, membrane chro-
atography modules have higher dynamic binding capacities

han traditional packed-bed systems for large biomolecules
e.g., plasmid DNA) that have mega-Dalton molecular
eight values. For example, Endres et al.[5] found that dy-
amic binding capacity and flow rate for pDNA on Mustang

∗ Corresponding author. Tel.: +1 864 656 4502; fax: +1 864 656 0784.
E-mail address:shusson@clemson.edu (S.M. Husson).

Q ion-exchange membranes were 20–25 times greate
55–550 times greater, respectively, than values observe
beads. Teeters et al.[9] also reported a maximum bindi
capacity for pDNA on Mustang Q ion-exchange membra
that were an order of magnitude higher than conventi
porous beads.

In order to exploit the advantages of membrane c
matography for large molecule separations, it is impo
to tune the physical and chemical properties of the m
brane surface, since these play important roles in determ
its separation characteristics, including efficiency and
ductivity. For example, commercially available micropor
membranes contain a relatively broad distribution of p
sizes. The broad pore-size distribution leads to ineffic
utilization of the membrane because pores of different s
have different solute residence times and capacities;
factors, in turn, result in a broad distribution of breakthro
curves for individual pores[10]. For membranes as a who
composite breakthrough curves broaden as pore-size
butions broaden. Also, important is the size of the pore
relation to the solute size.
376-7388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2005.03.053
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The previous example illustrates how membrane physical
properties influence separation. Membrane surface chemistry
also impacts separation performance. For example, binding
amino acids, proteins, dyes, ion-exchange groups, and metal
affinity ligands covalently to the surfaces of polymeric mem-
branes transforms them into pseudo-biospecific affinity mem-
branes for the purification of proteins. In fact, membrane
surface modification is thought to be equally important to the
membrane industry as membrane material and process devel-
opment. Therefore, there is significant interest in developing
surface treatment methods to modify base membrane prop-
erties post synthesis. Graft modification strategies have been
used to tailor membranes for bioseparation applications, and
excellent, comprehensive reviews are available for affinity
membrane[11] adsorptive membrane[3] and ion-exchange
membrane[12] applications in biotechnology.

The (photo)chemical means used to incorporate affinity or
ion-exchange groups into a porous membrane depends on the
chemistry of the membrane surface. For relatively chemically
inert membranes, e.g., polyethylene (PE), the surface must
first be treated to produce reactive sites for further surface
modification. A common approach uses e-beam or�-ray irra-
diation to graft reactive poly(glycidyl methacrylate) (PGMA)
to the membrane surface[13–17]. The epoxy groups of the
grafted PGMA serve as reaction sites to incorporate affinity
ligands, amino acid groups[13,14,17]metal-chelating agents
[ ins
[
i hing
a

anes
p fica-
t ken-
s se
m s
c finity
m teins
c om
c
p nd
u

PC,
P end
g sur-
f d
g anes
w aphy
b the
n

ng
f the
c erve
a xam-
p rs
b va-
l n of

the HEC chains with recombinant protein A resulted in affin-
ity membranes for IgG. Beeskow et al.[24] used HEC to mod-
ify microporous polyamide membranes. Immobilizing HEC
to the polyamide membranes reduced non-specific protein
binding, while simultaneously increasing binding sites for
affinity ligands. Finally, UV photografting has been used ex-
tensively by Belfort and co-workers (see, e.g., Refs.[25,26])
to modify poly(ether sulfone) nanofiltration membranes and
by Yang and Yang[27] to modify PET nucleopore mem-
branes. This approach modifies the exposed membrane sur-
faces, as opposed to modifying the membrane bulk.

This contribution describes the use of atom transfer
radical polymerization (ATRP) and reactive primary poly-
mer (mono)layers to functionalize commercially available
poly(vinylidenefluoride) microporous membranes with
weak ion-exchange groups. ATRP was used to grow poly(2-
vinylpyridine) from a primary anchoring polymer monolayer
containing epoxide functional groups that had been anchored
to the membrane pore surfaces. As a controllable chain
growth technique, ATRP allows design and manipulation of
the chain MW[28], which, in turn, should allow controlled
manipulation of membrane pore size. Furthermore, we
have shown that ATRP produces more uniform surfaces
than conventional radical polymerization[29]. ATRP
reaction conditions are flexible; therefore, we used solvents
that maintained membrane integrity. These features are
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u late
17] for binding histidine-containing peptides and prote
15], and ion-exchange groups[12,16,17]. Ultraviolet graft-
ng of polyacrylic acid (PAA) has also been used for attac
mino acids on PE membranes[18].

Cellulose-based and specialty co-polymer membr
rovide the requisite reaction sites for surface modi

ion without pretreatment. For example, Guo and Ruc
tein[19,20]have described affinity modification of cellulo
embranes. Cattoli and Sarti[21] modified a microporou

ellulose membrane with amylose, and used these af
embranes in a chromatography module to purify pro

ontaining the maltose-binding protein (MBP) domain fr
rude cell lysate. Luo et al.[22] reactedl-histidine onto a
oly(glycidyl-co-ethylene dimethacrylate) polymer film a
sed it to purify IgG from human serum.

Finally, for membranes made of polymers such as
ET, polysulfone (PS), polyamides, etc., the functional
roups of the polymer chains provide reaction sites for

ace modification. While Klein[11] has shown that the en
roup concentration is high enough to produce membr
ith capacities nearing those of synthetic chromatogr
eads, opportunities exist for increasing or amplifying
umber of reactive surface sites from the chain ends.

Reaction site amplification typically involves grafti
unctionalized polymers to or graft polymerization from
hain ends. The functional groups on the graft polymers s
s additional reactive sites to attach ligand groups. For e
le, Klein et al.[23] modified microporous PS hollow fibe
y anchoring hydroxyethyl cellulose (HEC) polymers co

ently to terminal phenol groups. Further functionalizatio
mportant for membrane modifications for bioseparat
ince membrane materials impose limitations on so
election for modification reactions, and since contro
raft polymer molecular weight is important to avoid p
lling.

A goal of this work was to examine whether ATRP co
e used to simultaneously change the surface functi

ty, pore size, and pore-size distribution in rational wa
olymerization time was used as the independent var

o manipulate the amount of grafted poly(2-vinylpyridi
n the membrane surface. Results are presented that

hat a membrane with an initially broad pore-size distr
ion had a narrower pore-size distribution following po
erization. This result is an important advantage to a

nefficient membrane utilization caused by premature s
reakthrough. Additional results are presented that de
trate how changing polymerization time allows one to
he ion-exchange capacity and the average pore size
embranes.

. Experimental materials and methods

.1. Materials

Hydrophilic polyvinylidenedifluoride (PVDF) mem
ranes (Millipore Durapore®, 0.45�m, 25 mm diamete
25�m thickness) were purchased from Millipore Inc.
hemicals were purchased from Aldrich and used as rece
nless noted otherwise; they were glycidyl methacry
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(95%), azobisisobutyronitrile (98%), bromoacetic acid
(99%), 2-vinylpyridine (97%), copper(I) bromide (99.999%),
1,4,8,11-tetraazacyclotetradecane (Me4Cyclam, 98%), hy-
drochloric acid (37%, aqueous). Solvents were purchased
from Aldrich as ACS reagent grade; they were ethyl alcohol
(99.5%), methanol (99%), anhydrous toluene (99.8%), ace-
tonitrile (>99.9%) and methyl ethyl ketone (MEK, 99.6%).
Reported percentages are in wt%. 2-Vinylpyridine was puri-
fied with vacuum distillation at 33.3306× 102 Pa (25 mmHg)
before use to remove the inhibitor (p-t-butyl catechol).

2.2. Preparing membranes for initiator functionalization

According to the Millipore patent[30], the hydrophilic
PVDF membrane is modified with a poly(oxyethylene-co-
oxypropylene) surfactant deposited from methanol solution.
All membranes were washed in warm methanol to try to
remove this surfactant. A Harrick plasma cleaner/sterilizer
(model PRC-32G) was used to generate plasma at a mid-
dle RF level, and the membrane was plasma treated on one
side for 3 min, flipped, and plasma treated on the second side
for an additional 3 min. Pressure during plasma treatments
was 0.1333224× 102 Pa (0.1 Torr). The plasma-treated mem-
brane was rinsed three times for 10 min each in MEK and
dried with a nitrogen stream before grafting the anchoring
epoxide layer.
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of vapor-phase bromoacetic acid with the remaining epox-
ide groups of PGMA produced tethered bromoacetate groups
capable to initiate ATRP[32,33]. After treatment, the mem-
brane was rinsed three times in MEK for 10 min each and
dried with a nitrogen stream.

2.4. Surface graft polymerization of
poly(2-vinylpyridine)

Polymerization was carried out in acetonitrile as the sol-
vent and using 2-vinylpyridine as the monomer. This step
used an organometallic catalyst comprising Cu(I)Br and lig-
and 1,4,8,11-tetraazacyclotetradecane (Me4Cyclam) with a
molar ratio of 1:2. The concentration of 2-vinylpyridine was
2 M, and the catalyst concentration was 2 mM based on Cu(I).
Both solvent and monomer were degassed using three freeze-
pump-thaw cycles with vacuum evacuation and N2 purging.
The solution flask was isolated under an N2 blanket from
the de-oxygenation line and transferred to an oxygen-free
glove box. All polymerization steps were carried out at room
temperature in an oxygen-free glove box to avoid catalyst
oxidation. To begin polymerization, initiator-functionalized
membranes were placed in 10 mL of the monomer/catalyst
solution. After polymerization for up to 24 h, the membranes
were removed from the polymerization system, washed in
acetonitrile using an ultrasonic bath for 10 s, rinsed with ace-
t eam
o

vari-
a ion-
e s, and
p ion-
e with
I ents
w pore-
s

R to
e em-
b ollow
m hese
m f the
g

2
i

ed
c ted
m nes
u eter
e eries
A c-
t ution
o and
b are,
V

.3. Grafting the primary epoxide layer

Poly(glycidyl methacrylate) was used to form a reac
rimary polymer layer[31–34]. A polymer with epoxy func

ionality was chosen because the reactions of the epoxy g
re quite universal. It reacts with different functional gro
hydroxyl, amino, carboxyl, etc.) present, or that can be
ted on the surfaces of various membranes. Thus, the e

unctionalities were used to anchor PGMA covalently to
lasma-treated membrane surface.

Glycidyl methacrylate was polymerized radically to g
GMA with Mn = 84,000 and PDI = 3.4 (GPC). Briefly, t
olymerization was carried out in MEK at 60◦C. Azobi-
isobutyronitrile was used as an initiator. The polymer
ained was purified by multiple precipitations from the M
olution by diethyl ether. Plasma-treated membranes
laced in a round bottom flask with 10 mL of 0.2 wt% PGM
olution in MEK. The flask was vacuum evacuated until
olution started to boil, and air was introduced back to
ask. The above treatment was repeated three times
ure penetration of the PGMA solution into the membr
ores. The soaked membrane was dried with nitrogen
ged under a nitrogen atmosphere at 40◦C for 2 h. Subse
uent rinsing (three times at 10 min) with pure MEK remo
on-bonded PGMA from the membrane. To functiona

he membrane with ATRP initiator groups, the PGMA m
fied membrane was placed into a test tube with a cryst
10–20 mg) of bromoacetic acid. The test tube was vac
vacuated and placed in an oven at 90◦C for 1 h. Reactio
onitrile, ethanol and deionized water, and dried in a str
f nitrogen.

Polymerization reaction time was the independent
ble in this study. Dependent variables were membrane
xchange capacity, surface and bulk average pore size
ore-size distribution. Titration was used to measure
xchange capacity of the membranes, while FE SEM (
mage Pro Analysis) and nitrogen adsorption experim
ere used to characterize the average pore sizes and
ize distributions of each membrane.

Membrane surfaces were characterized by ATR-FTI
lucidate the chemical properties of our modified m
ranes and scanning probe microscopy was used to f
orphological changes to the membrane surfaces. T
easurements allowed us to examine the uniformity o
raft surfaces.

.5. Attenuated total reflectance Fourier transform
nfrared spectroscopy (ATR-FTIR)

ATR-FTIR spectra were obtained for an unmodifi
ontrol membrane; initiator-functionalized, PGMA-coa
embrane; and poly(2-vinylpyridine) grafted membra
sing a Thermo-Nicolet Magna 550 FTIR spectrom
quipped with a diamond, single bounce foundation s
TR accessory and a 50◦ angle of incidence. Each spe

rum was obtained by cumulating 32 scans at a resol
f 4 cm−1. Data were corrected using ATR correction
ackground correction functions of OMNIC ESP softw
ersion 6.1a.
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2.6. Field emission scanning electron microscope (FE
SEM)

The morphologies of the membrane surfaces before and
after modification were studied by field emission scanning
electron microscopy (FE SEM) using a Hitachi FE SEM
47,000. Representative samples of the membranes were cut
into 0.5 cm2, attached with carbon tape to aluminum stabs,
and shadowed with platinum prior to the SEM measurements.
The SEM measurements were performed at an accelerating
voltage of 5 kV to evaluate the extent of the surface porosity
and microstructure.

SEM images were taken of the porous surfaces and ana-
lyzed with the digital imaging technique (Image-Pro PLUS
Analysis software) to estimate the surface pore sizes and
to generate pore-size distributions for samples prepared at
different polymerization times. For each sample, data were
used to calculate the average surface pore diameter and pore-
diameter polydispersity.

2.7. Atomic force microscopy (AFM)

Topographical and phase images and roughness values
of the poly(2-vinylpyridine) functionalized membrane sur-
faces were obtained using a BioScope AFM (Veeco) with
Nanoscope IIIa controller. Both tapping and phase-imaging
m mbi-
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to estimate of the number of pyridine groups per unit mass
attached to the membrane surfaces. Standardization of the
HCl solution was done by titration against 1 M NaOH that
had been standardized by titration with potassium hydrogen
phthalate solution, as outlined by Hoover et al.[35]. A titra-
tion curve was prepared by adding incremental doses of HCl
solution to the beaker containing membrane cut into approxi-
mately 1 cm× 0.5 cm pieces. Stirring was done continuously.
After each dose of acid, the system was allowed to equili-
brate, and the pH was measured with a 3 M KCl (0–14) pH
electrode. Ion-exchange capacities of the membranes were
calculated in milliequivalents per gram of dry membrane.

3. Results and discussion

3.1. Characterization of chemical and physical surface
properties

Characterization of the chemical and physical properties
of the membranes surfaces was done by ATR-FTIR, AFM, FE
SEM, nitrogen adsorption measurements and image analysis.

Fig. 1 presents typical ATR-FTIR spectra for an
unmodified control membrane (spectrum 1a), an initiator-
functionalized membrane (spectrum 1b), and a poly(2-
v 1c)
f u-
f e
i oups
t m hy-
d er-
w ator.
N e
p
m -
p the
m

F ne;
( nyl-
p

odes were used to characterize the film surface in a
nt air. The root-mean-square roughness values of the
les were evaluated from AFM images in the tapping m
he height (topography) and phase images were both

ured using a frequency of 1.0 Hz and 256 scan lines pe
ge. Surface roughness was determined using the Nano
oftware Version 5.12 root-mean-square (RMS) rough
alculation.

.8. Nitrogen adsorption

The bulk membrane pore sizes, pore volumes and
reas were determined by static volumetric measureme
itrogen adsorption. A Micrometrics 2020 instrument
sed to measure nitrogen adsorption isotherms at−196◦C
etween pressures of 5.06625× 10−2 and 1.01325× 105 Pa
5× 10−7 and 1 atm). All samples were outgassed at 12◦C
or 6 h prior to each adsorption experiment to remove
aminants adsorbed by exposure to the atmosphere. The
nstrument was used to measure adsorption and deso
sotherms on selected samples. Evaluation of the adso
nd desorption branches of these isotherms and the hys
etween them reveals information about the membrane
haracteristics.

.9. Ion-exchange capacity measurements

Ion-exchange capacity measurements were done p
iometrically using a Mettler Toledo (DG-I I I-SG) titrato
itration was done using standardized 0.01 M HCl solu
e

e

s

inylpyridine) functionalized membrane (spectrum
ollowing 24 h of polymerization. According to the man
acturer, the peak at 1732 cm−1 in the unmodified membran
s associated with the carbonyl stretch of polyacrylate gr
hat are introduced to the PVDF membranes to make the
rophilic. Unfortunately, this peak interferes with and ov
helms the peak signal for the carbonyl stretch of the initi
evertheless, the appearance of CN stretching modes in th
yridine ring at 1593 and 1569 cm−1 and a C C stretching
ode in the pyridine ring at 1475 cm−1 (spectrum 1c) sup
ort the successful grafting of poly(2-vinylpyridine) to
embrane surface.

ig. 1. ATR-FTIR spectra for (a) unmodified control membra
b) initiator-functionalized, PGMA-coated membrane; (c) poly(2-vi
yridine) grafted membrane after 24 h of polymerization.
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Fig. 2. AFM phase and topographical images (50�m× 50�m lateral area) showing the morphology of the surfaces. Thez-axis scale is 4500 nm. RMS
roughness values are 1.186�m and 352 nm for the unmodified and modified membranes, respectively.

Atomic force microscopy was performed to examine the
surface morphology and to measure roughness values for un-
modified and poly(2-vinylpyridine)-modified membrane sur-
faces.Fig. 2 shows typical phase and topographic scans of
the unmodified and polymer-modified membrane surfaces.
Each scan represents a 50�m× 50�m lateral area.Fig. 2
reveals that the polymer-modified surface was smooth and
uniform compared to the control membrane surface. The
modified membrane surface had a root-mean-square rough-
ness, RMS = 352 nm; the control surface had a root-mean-
square roughness, RMS = 1.186�m. This result is consistent
with other published works that report that surface-confined
polymerization can significantly change surface morphology
[36] and smoothen rough surfaces[36–38]. Freger et al.[37],
for example, reported decreased surface roughness values
from 93 to 30 nm for Dow Filmtec reverse osmosis mem-
branes following graft polymerization of polyethylene glycol
methacrylate and sulfopropyl methacrylate. Tanaguchi et al.
[38] reported decreased vertical roughness values on 12 of

17 samples following UV graft polymerization ofN-vinyl-2-
pyrrolidinone on poly(ether sulfone) membranes.

3.2. Determination of specific surface areas and pore
characteristics from nitrogen adsorption isotherms

The method of Brunauer–Emmett–Teller (BET) was
employed to determine surface area based on a model
of adsorption that incorporates multilayer coverage. The
Barrett–Joyner–Halenda (BJH) method was applied to the
isotherms to measure the pore sizes and pore-size distribution
using the Kelvin model of pore filling. Nitrogen was admitted
into the membrane chamber in controlled increments. After
each dose of adsorptive, the pressure was allowed to equili-
brate and the volume of nitrogen adsorbed was calculated. A
plot of the gas volume adsorbed versus pressure (at constant
temperature) defines an adsorption isotherm, from which the
volume of gas required to form a monolayer over the external
surface and its pores was determined. Knowing the value for
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Table 1
BET surface areas and BJH desorption average pore width of the PVDF
membranes for untreated and treated membranes prepared using different
polymerization times

Polymerization
time (h)

BET surface
area (m2/g)

BJH desorption average
pore width (̊A)

0 2.21 84.6
1 2.49 98.4
2 2.59 106.0
8 2.71 111.8

the area covered by each adsorbed molecule to be 16.2Å2

[39], the surface area was calculated for each sample.
Table 1summarizes the BET surface area data. These data

confirm that these porous membranes have relatively low spe-
cific areas that increase slightly from 2.21 to 2.71 m2/g with
increasing polymerization time. Surface area changes depend
on two competing factors: loss of accessible surface area due
to blocking of small pores and creation of surface area by
growth of polymer chains that extend from the pore surfaces.
The latter factor assumes that nitrogen molecules are able
to penetrate in between chains and, in this case, appears to
compensate for area loss due to pore blockage.

By extending this process to pressure conditions that con-
dense the gas into the pores, pore sizes and the pore-size
distribution can be evaluated. After reaching high enough
pressures to ensure gas condensation, the adsorptive gas pre
sure is reduced incrementally, thereby evaporating the con-
densed gas from the system.Table 1shows average bulk pore
diameter values calculated using the BJH method;average
diameters increased from 84.6 to 111.8Å with increasing
polymerization time. This result was unexpected. One con-
tributing factor to this increase in average pore size may be the
blockage of the smallest pores as a result of polymer growth.
Additionally, under the conditions used for the adsorption ex-
periments, only pore sizes in the mesopore range of 2–50 nm
c tional
p erage
B er of
p mi-
c arge
m s.
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h -like
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p n of
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s d di-
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o or-

functionalized, plasma-treated membrane; and the poly(2-
vinylpyridine) functionalized membrane following 24 h poly-
merization.Fig. 3(d–f) shows the corresponding SEM images
at a magnification of 2000×. The PVDF membrane exhibits
a rich fibrous structure before the modification that appears to
densify after polymerization.Figs. 3(c and f) shows that the
membrane fibers have grown thicker and the pore sizes have
become more uniform for the poly(2-vinylpyridine) func-
tionalized membranes. Both the unmodified and modified
membranes show a homogenous morphology in their cross-
sections as well on the surfaces. The cross-sectional views
of the modified membranes inFig. 4shows that the polymer
was grafted on the membrane outer surface and also from the
pore surfaces within the bulk of the membranes.

3.4. Determination of pore-size distribution by image
analysis of SEM images

Image-Pro PLUS software was used to determine the
membrane surface pore-size distributions and pore-diameter
polydispersity values following polymerization for various
times. By changing polymerization time, the averagesurface
pore diameter decreased from 1.11 to 0.98�m, correspond-
ing to a polymer thickness of about 600Å. Using similar con-
ditions to grow poly(2-vinylpyridine) from self-assembled
monolayer (SAM) surfaces, Li et al.[29] measured ellipso-
m nt
d tiator
d t of
i sses.
L yer
o
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( t in-
c
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v
c 00

nar-
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d fted
o eter
p ided
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d at all
p nes,
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n un-
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i ex-
p f the
ould be measured. We speculate, then that two addi
rocesses may have contributed to the increase in av
JH pore diameter: the transformation of a large numb
ores from the low end of the mesopore range into the
ropore region, and transformation of macropores into l
esopores as a result of polymer growth within the pore
All adsorption–desorption isotherms displayed Type

ysteresis loops, which are characteristic of narrow slit
esopores[39], and the degree of hysteresis increased a
olymerization time increased. One possible explanatio

his result is that polymer growth may have partially occlu
pherical pores. The resulting pore would have a restricte
meter at its entrance, and this ink-bottle type of morpho
ould lead to an increase in degree of hysteresis[40].

.3. Surface morphologies of the modified PVDF
embranes

Fig. 3(a–c) shows surface SEM images at a magnifica
f 1000× for the unmodified PVDF membrane; initiat
s-etric thicknesses of 105± 15Å. To understand this appare
iscrepancy, it is necessary to compare the surface ini
ensities for SAM versus PGMA layers and the impac

nitiator densities on subsequent polymer layer thickne
iu et al. [33] have shown that for a 6 nm thick surface la
f PGMA, the surface density of initiator (∼40 nm−2) is an
rder of magnitude higher than that for a SAM layer on g
∼3 nm−2). In that same paper, it was demonstrated tha
reasing the surface density of initiator from∼3 to∼40 nm−2

ed to a six-fold increase in polystyrene layer thickness
he same polymerization time. Therefore, with a similar
ancement in layer thickness, one would anticipate a po
inylpyridine) layer thickness of∼630± 90Å, which is
onsistent with the average pore diameter decrease of 12Å.

Equally important, the pore-size distribution became
ower following polymerization.Fig. 5shows the narrowin
own of the pore-size distribution as more polymer is gra
n the membrane surfaces. By defining a pore-diam
olydispersity (PDP) as the weight-average diameter div
y the number-average diameter, the change in pore
istribution was quantified (a PDP value of 1.0 means th
ores are equal in size). Initially, for unmodified membra
DP was 2.05; following polymerization for 24 h, it w

educed to 1.44.Table 2 shows the time-dependent tre
n the PDP clearly showing that the pore diameters
ecome more uniform.

A control experiment was conducted that subjected a
odified membrane to all steps of the process excep

nitiator functionalization. The purpose of this control
eriment was to determine if the pore size properties o
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Fig. 3. Images (a–c): surface SEM micrographs of the unmodified PVDF membrane (a); initiator-functionalized, plasma-treated membrane (b); the poly(2-
vinylpyridine) (c) functionalized membrane at a magnification of 1000×. Images (d–f): corresponding micrographs at a magnification of 2000×.

membrane changed as a result of chemical exposure in the ab-
sence of poly(2-vinylpyridine) growth. SEM image analysis
showed the average surface pore diameter to be 1.09�m and
the PDP to be 1.95. Therefore, chemical exposure and PGMA
grafting alone cannot account for the observed decreases in
average pore diameter and PDP.

3.5. Ion-exchange capacity measurements

Ion-exchange capacities for the modified membranes were
measured by generating titration curves of the pyridine

groups on the membrane surfaces against 0.01 M HCl.Table 3
shows the increase in the static ion-exchange capacity of
the membranes from 2.25× 10−2 to 7.32× 10−2 mmol/g
(2.25× 10−2 to 7.32× 10−2 meq/g) with an increase in
the polymerization time from 1 to 8 h. For ion ex-
change of small molecules, these values are low com-
pared to commercially available ion-exchange membranes,
which typically have capacities of 1–3 mmol/g (1–3 meq/g)
[41].

ATRP is often described as a controlled radical poly-
merization because irreversible termination reactions that
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Fig. 4. Images (a–b): cross-sectional SEM micrographs of the unmodified PVDF membrane (a) and the poly(2-vinylpyridine) functionalized membrane (b) at
a magnification of 5000×. Images (c–d): corresponding micrographs at a magnification of 2000×.

Fig. 5. Pore-size distribution of the unmodified PVDF membrane and the poly(2-vinylpyridine) functionalized membrane at different polymerizationtimes.
The figure on the right expands the frequency axis to illustrate the depletion of large pore structures.

Table 2
Number-average pore diameter and PDP for membranes prepared using dif-
ferent polymerization times

Polymerization
time (h)

Number-average pore
diameter (dn) (�m)

PDP (dw/dn)

0 1.11 2.05
2 1.08 1.98
4 1.05 1.75

24 0.98 1.44

Table 3
Ion-exchange capacities (mmol/g (meq/g)) for membranes prepared using
different polymerization times

Polymerization
time (h)

Ion-exchange capacity
(×10−2 mmol/g (×10−2 meq/g))

1 2.25
2 3.12
4 5.36
8 7.32



N. Singh et al. / Journal of Membrane Science 262 (2005) 81–90 89

consume radicals are suppressed by maintaining a low radical
concentration (i.e., radical deactivation is much faster than
activation)[28]. For surface initiated ATRP with a high excess
of monomer, a constant radical concentration should yield a
linear relationship between mass of polymer grown from the
surface and polymerization time[42,43]. And, if all of the
pyridine units were accessible for ion exchange, then there
would also be a linear relationship between ion-exchange
capacity and polymerization time. The data, however, show
a non-linear trend between the capacity and polymerization
time. Since no precautions were taken to ensure controlled
growth, this leveling off of capacity is likely due in part to
termination or chain transfer side reactions, loss of active
catalyst, or hindered mass transport of monomer to active
radicals. Better control over surface-initiated polymerization
can be achieved by the addition of Cu(II) to the monomer
solution[42] and the use of a mixed halide initiator/catalyst
system[44]. The rate of polymerization can be accelerated
by increasing temperature and by using aqueous solvent
conditions[45]. Furthermore, aqueous ATRP has led to thick
polymer film layers[45]. Therefore, opportunities exist for
increasing the degree of polymer grafting and accelerating
the grafting rate, and these types of experiments are under
way.

To test the functional effects of our membrane surface
modification, we carried out an initial comparative study
o ak-
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