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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
possible to tune the ion-exchange capacity and the average pore size in rational ways. Equally important, membranes with initially broad pore-
size distributions had narrower pore-size distributions following polymerization. A polymerization time of 24 h reduced the pore-diameter
polydispersity (PDP) from 2.05 to 1.44. A polymerization time of 8 h resulted in a static ion-exchange capacity »fl8.32nmol/g
(7.32x 1072 meq/g) of dry membrane.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Q ion-exchange membranes were 20-25 times greater and
55-550 times greater, respectively, than values observed for
Membrane chromatography is a unit operation that beads. Teeters et 4B] also reported a maximum binding
is suited well for bioseparation applications involving capacity for pDNA on Mustang Q ion-exchange membranes
large proteins and macromolecules, such as plasmid DNAthat were an order of magnitude higher than conventional
[1-5]. The advantages of membrane chromatography overporous beads.
traditional packed-bed chromatography include improved In order to exploit the advantages of membrane chro-
mass-transfer efficiency, lower pressure drop, more efficient matography for large molecule separations, it is important
ligand utilization, easier scalability, and lower cd€{. to tune the physical and chemical properties of the mem-
Because solute is transported to the membrane binding sitedrane surface, since these play important roles in determining
primarily by convection, rather than diffusion, processing its separation characteristics, including efficiency and pro-
rates can be orders of magnitude higher for membraneductivity. For example, commercially available microporous
chromatography systen(ig,8]. In addition, membrane chro- membranes contain a relatively broad distribution of pore
matography modules have higher dynamic binding capacitiessizes. The broad pore-size distribution leads to inefficient
than traditional packed-bed systems for large biomolecules utilization of the membrane because pores of different sizes
(e.g., plasmid DNA) that have mega-Dalton molecular have different solute residence times and capacities; these
weight values. For example, Endres et[&].found that dy- factors, in turn, result in a broad distribution of breakthrough
namic binding capacity and flow rate for pDNA on Mustang curves for individual porefl0]. For membranes as a whole,
composite breakthrough curves broaden as pore-size distri-
* Corresponding author. Tel.: +1 864 656 4502; fax: +1 864 656 0784,  bUtions broaden. Also, important is the size of the pores in
E-mail addressshusson@clemson.edu (S.M. Husson). relation to the solute size.
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The previous example illustrates how membrane physical the HEC chains with recombinant protein A resulted in affin-
properties influence separation. Membrane surface chemistryity membranes for IgG. Beeskow etf4] used HEC to mod-
also impacts separation performance. For example, bindingify microporous polyamide membranes. Immobilizing HEC
amino acids, proteins, dyes, ion-exchange groups, and metato the polyamide membranes reduced non-specific protein
affinity ligands covalently to the surfaces of polymeric mem- binding, while simultaneously increasing binding sites for
branestransforms theminto pseudo-biospecific affinity mem- affinity ligands. Finally, UV photografting has been used ex-
branes for the purification of proteins. In fact, membrane tensively by Belfort and co-workers (see, e.g., REES,26))
surface modification is thought to be equally important to the to modify poly(ether sulfone) nanofiltration membranes and
membrane industry as membrane material and process develby Yang and Yand27] to modify PET nucleopore mem-
opment. Therefore, there is significant interest in developing branes. This approach modifies the exposed membrane sur-
surface treatment methods to modify base membrane prop-faces, as opposed to modifying the membrane bulk.
erties post synthesis. Graft modification strategies have been This contribution describes the use of atom transfer
used to tailor membranes for bioseparation applications, andradical polymerization (ATRP) and reactive primary poly-
excellent, comprehensive reviews are available for affinity mer (mono)layers to functionalize commercially available
membrand11] adsorptive membran@] and ion-exchange  poly(vinylidenefluoride) microporous membranes with
membrand12] applications in biotechnology. weak ion-exchange groups. ATRP was used to grow poly(2-

The (photo)chemical means used to incorporate affinity or vinylpyridine) from a primary anchoring polymer monolayer
ion-exchange groups into a porous membrane depends on theontaining epoxide functional groups that had been anchored
chemistry of the membrane surface. For relatively chemically to the membrane pore surfaces. As a controllable chain
inert membranes, e.g., polyethylene (PE), the surface mustgrowth technique, ATRP allows design and manipulation of
first be treated to produce reactive sites for further surface the chain MW[28], which, in turn, should allow controlled
modification. A common approach uses e-beanrmy irra- manipulation of membrane pore size. Furthermore, we
diation to graft reactive poly(glycidyl methacrylate) (PGMA) have shown that ATRP produces more uniform surfaces
to the membrane surfa¢@3-17] The epoxy groups of the than conventional radical polymerizatiof29]. ATRP
grafted PGMA serve as reaction sites to incorporate affinity reaction conditions are flexible; therefore, we used solvents
ligands, amino acid group$3,14,17]metal-chelatingagents  that maintained membrane integrity. These features are
[17] for binding histidine-containing peptides and proteins important for membrane modifications for bioseparations

[15], and ion-exchange groupk2,16,17] Ultraviolet graft- since membrane materials impose limitations on solvent
ing of polyacrylic acid (PAA) has also been used for attaching selection for modification reactions, and since control of
amino acids on PE membranéds]. graft polymer molecular weight is important to avoid pore

Cellulose-based and specialty co-polymer membranesfilling.
provide the requisite reaction sites for surface modifica- A goal of this work was to examine whether ATRP could
tion without pretreatment. For example, Guo and Rucken- be used to simultaneously change the surface functional-
stein[19,20]have described affinity modification of cellulose ity, pore size, and pore-size distribution in rational ways.
membranes. Cattoli and Saffil] modified a microporous  Polymerization time was used as the independent variable
cellulose membrane with amylose, and used these affinityto manipulate the amount of grafted poly(2-vinylpyridine)
membranes in a chromatography module to purify proteins on the membrane surface. Results are presented that show
containing the maltose-binding protein (MBP) domain from that a membrane with an initially broad pore-size distribu-
crude cell lysate. Luo et aJ22] reactedL-histidine onto a tion had a narrower pore-size distribution following poly-
poly(glycidyl-co-ethylene dimethacrylate) polymer film and merization. This result is an important advantage to avoid
used it to purify IgG from human serum. inefficient membrane utilization caused by premature solute

Finally, for membranes made of polymers such as PC, breakthrough. Additional results are presented that demon-
PET, polysulfone (PS), polyamides, etc., the functional end strate how changing polymerization time allows one to tune
groups of the polymer chains provide reaction sites for sur- the ion-exchange capacity and the average pore size of the
face modification. While Kleifjl1] has shown that the end membranes.
group concentration is high enough to produce membranes
with capacities nearing those of synthetic chromatography
beads, opportunities exist for increasing or amplifying the 2. Experimental materials and methods
number of reactive surface sites from the chain ends.

Reaction site amplification typically involves grafting 2.1. Materials
functionalized polymers to or graft polymerization from the
chain ends. The functional groups on the graft polymers serve  Hydrophilic polyvinylidenedifluoride (PVDF) mem-
as additional reactive sites to attach ligand groups. For exam-branes (Millipore Durapofg, 0.45um, 25mm diameter,
ple, Klein et al.[23] modified microporous PS hollow fibers  125um thickness) were purchased from Millipore Inc. All
by anchoring hydroxyethyl cellulose (HEC) polymers cova- chemicals were purchased from Aldrich and used as received,
lently to terminal phenol groups. Further functionalization of unless noted otherwise; they were glycidyl methacrylate
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(95%), azobisisobutyronitrile (98%), bromoacetic acid of vapor-phase bromoacetic acid with the remaining epox-
(99%), 2-vinylpyridine (97%), copper(l) bromide (99.999%), ide groups of PGMA produced tethered bromoacetate groups
1,4,8,11-tetraazacyclotetradecane gRlgclam, 98%), hy- capable to initiate ATRI32,33] After treatment, the mem-
drochloric acid (37%, aqueous). Solvents were purchasedbrane was rinsed three times in MEK for 10 min each and
from Aldrich as ACS reagent grade; they were ethyl alcohol dried with a nitrogen stream.
(99.5%), methanol (99%), anhydrous toluene (99.8%), ace-
tonitrile (>99.9%) and methyl ethyl ketone (MEK, 99.6%). 2.4. Surface graft polymerization of
Reported percentages are in wt%. 2-Vinylpyridine was puri- poly(2-vinylpyridine)
fied with vacuum distillation at 33.3306 107 Pa (25 mmHg)
before use to remove the inhibitq-{-butyl catechol). Polymerization was carried out in acetonitrile as the sol-
vent and using 2-vinylpyridine as the monomer. This step
2.2. Preparing membranes for initiator functionalization used an organometallic catalyst comprising Cu(l)Br and lig-
and 1,4,8,11-tetraazacyclotetradecane A8&lam) with a
According to the Millipore patenf30], the hydrophilic molar ratio of 1:2. The concentration of 2-vinylpyridine was
PVDF membrane is modified with a poly(oxyethylene-co- 2 M, and the catalyst concentration was 2 mM based on Cu(l).
oxypropylene) surfactant deposited from methanol solution. Both solvent and monomer were degassed using three freeze-
All membranes were washed in warm methanol to try to pump-thaw cycles with vacuum evacuation andfdrging.
remove this surfactant. A Harrick plasma cleaner/sterilizer The solution flask was isolated under aa blanket from
(model PRC-32G) was used to generate plasma at a mid-the de-oxygenation line and transferred to an oxygen-free
dle RF level, and the membrane was plasma treated on oneylove box. All polymerization steps were carried out at room
side for 3 min, flipped, and plasma treated on the second sidetemperature in an oxygen-free glove box to avoid catalyst
for an additional 3 min. Pressure during plasma treatmentsoxidation. To begin polymerization, initiator-functionalized
was 0.1333224 107 Pa (0.1 Torr). The plasma-treated mem- membranes were placed in 10 mL of the monomer/catalyst
brane was rinsed three times for 10 min each in MEK and solution. After polymerization for up to 24 h, the membranes
dried with a nitrogen stream before grafting the anchoring were removed from the polymerization system, washed in

epoxide layer. acetonitrile using an ultrasonic bath for 10 s, rinsed with ace-
tonitrile, ethanol and deionized water, and dried in a stream
2.3. Grafting the primary epoxide layer of nitrogen.

Polymerization reaction time was the independent vari-
Poly(glycidyl methacrylate) was used to form a reactive able in this study. Dependent variables were membrane ion-
primary polymer layef31-34] A polymer with epoxy func- exchange capacity, surface and bulk average pore sizes, and
tionality was chosen because the reactions of the epoxy grouppore-size distribution. Titration was used to measure ion-
are quite universal. It reacts with different functional groups exchange capacity of the membranes, while FE SEM (with
(hydroxyl, amino, carboxyl, etc.) present, or that can be cre- Image Pro Analysis) and nitrogen adsorption experiments
ated on the surfaces of various membranes. Thus, the epoxyvere used to characterize the average pore sizes and pore-
functionalities were used to anchor PGMA covalently to the size distributions of each membrane.
plasma-treated membrane surface. Membrane surfaces were characterized by ATR-FTIR to
Glycidyl methacrylate was polymerized radically to give elucidate the chemical properties of our modified mem-
PGMA with M, =84,000 and PDI=3.4 (GPC). Briefly, the branes and scanning probe microscopy was used to follow
polymerization was carried out in MEK at 6CQ. Azobi- morphological changes to the membrane surfaces. These
sisobutyronitrile was used as an initiator. The polymer ob- measurements allowed us to examine the uniformity of the
tained was purified by multiple precipitations from the MEK  graft surfaces.
solution by diethyl ether. Plasma-treated membranes were
placed in a round bottom flask with 10 mL of 0.2 wt% PGMA 2.5. Attenuated total reflectance Fourier transform
solution in MEK. The flask was vacuum evacuated until the infrared spectroscopy (ATR-FTIR)
solution started to boil, and air was introduced back to the
flask. The above treatment was repeated three times to en- ATR-FTIR spectra were obtained for an unmodified
sure penetration of the PGMA solution into the membrane control membrane; initiator-functionalized, PGMA-coated
pores. The soaked membrane was dried with nitrogen andmembrane; and poly(2-vinylpyridine) grafted membranes
aged under a nitrogen atmosphere at@Qor 2 h. Subse- using a Thermo-Nicolet Magna 550 FTIR spectrometer
quentrinsing (three times at 10 min) with pure MEK removed equipped with a diamond, single bounce foundation series
non-bonded PGMA from the membrane. To functionalize ATR accessory and a 3angle of incidence. Each spec-
the membrane with ATRP initiator groups, the PGMA mod- trum was obtained by cumulating 32 scans at a resolution
ified membrane was placed into a test tube with a crystal(s) of 4 cnm1. Data were corrected using ATR correction and
(10-20 mg) of bromoacetic acid. The test tube was vacuum background correction functions of OMNIC ESP software,
evacuated and placed in an oven af@0for 1 h. Reaction  Version 6.1a.
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2.6. Field emission scanning electron microscope (FE to estimate of the number of pyridine groups per unit mass
SEM) attached to the membrane surfaces. Standardization of the
HCI solution was done by titration against 1 M NaOH that
The morphologies of the membrane surfaces before andhad been standardized by titration with potassium hydrogen
after modification were studied by field emission scanning phthalate solution, as outlined by Hoover et{ab]. A titra-
electron microscopy (FE SEM) using a Hitachi FE SEM tion curve was prepared by adding incremental doses of HCI
47,000. Representative samples of the membranes were cusolution to the beaker containing membrane cut into approxi-
into 0.5 cn?, attached with carbon tape to aluminum stabs, mately 1 cmx 0.5 cm pieces. Stirring was done continuously.
and shadowed with platinum prior to the SEM measurements. After each dose of acid, the system was allowed to equili-
The SEM measurements were performed at an acceleratindgorate, and the pH was measured with a 3M KCI (0-14) pH
voltage of 5kV to evaluate the extent of the surface porosity electrode. lon-exchange capacities of the membranes were
and microstructure. calculated in milliequivalents per gram of dry membrane.
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 and3  Results and discussion
to generate pore-size distributions for samples prepared at
different polymerization times. For each sample, data were 3.1 Characterization of chemical and physical surface
used to calculate the average surface pore diameter and poreyroperties
diameter polydispersity.
Characterization of the chemical and physical properties
2.7. Atomic force microscopy (AFM) ofthe membranes surfaces was done by ATR-FTIR, AFM, FE
SEM, nitrogen adsorption measurements and image analysis.
Topographical and phase images and roughness values Fig. 1 presents typical ATR-FTIR spectra for an
of the poly(2-vinylpyridine) functionalized membrane sur- ynmodified control membrane (spectrum 1a), an initiator-
faces were obtained using a BioScope AFM (Veeco) with fnctionalized membrane (spectrum 1b), and a poly(2-
Nanoscope llla controller. Both tapping and phase-imaging vinylpyridine) functionalized membrane (spectrum 1c)
modes were used to characterize the film surface in ambi-f0||0\,\,ing 24 h of polymerization. According to the manu-
ent air. The root-mean-square roughness values of the samsactyrer, the peak at 1732 crhin the unmodified membrane
ples were evaluated from AFM images in the tapping mode. js associated with the carbonyl stretch of polyacrylate groups
The height (topography) and phase images were both cap+that are introduced to the PVDF membranes to make them hy-
tured using a frequency of 1.0 Hz and 256 scan lines per im- grophilic. Unfortunately, this peak interferes with and over-
age. Surface roughness was determined using the NanoScopghelms the peak signal for the carbonyl stretch of the initiator.
Software Version 5.12 root-mean-square (RMS) roughnessevertheless, the appearance ef\Cstretching modes in the

calculation. pyridine ring at 1593 and 1569 cth and a G-C stretching
) ] mode in the pyridine ring at 1475 cm (spectrum 1c) sup-
2.8. Nitrogen adsorption port the successful grafting of poly(2-vinylpyridine) to the

_ membrane surface.
The bulk membrane pore sizes, pore volumes and pore

areas were determined by static volumetric measurements of
nitrogen adsorption. A Micrometrics 2020 instrument was
used to measure nitrogen adsorption isotherms16°C 10-02 au
between pressures of 5.06623.0 2 and 1.01325¢ 10° Pa

(5x 10~7 and 1 atm). All samples were outgassed at (25

for 6 h prior to each adsorption experiment to remove con- .
taminants adsorbed by exposure to the atmosphere. The samtz
instrument was used to measure adsorption and desorptiong
isotherms on selected samples. Evaluation of the adsorption=

and desorption branches of these isotherms and the hysteresi: ﬁ,@ (b)
between them reveals information about the membrane pore T s '“‘
characteristics. e )

4000 3500 3000 2500 2000 1500

2.9. lon-exchange capacity measurements

-1
wavenumber, cm

lon-exchange capacity measurements were done pOten'Fig. 1. ATR-FTIR spectra for (a) unmodified control membrane;

tiometrically using a Mettler Toledo (DG-I I I-SG) titrator. () initiator-functionalized, PGMA-coated membrane; (c) poly(2-vinyl-
Titration was done using standardized 0.01 M HCI solution pyridine) grafted membrane after 24 h of polymerization.
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50.0

Fig. 2. AFM phase and topographical images B x 50um lateral area) showing the morphology of the surfaces. ZFagis scale is 4500 nm. RMS
roughness values are 1.186 and 352 nm for the unmodified and modified membranes, respectively.

Atomic force microscopy was performed to examine the 17 samples following UV graft polymerization bfvinyl-2-
surface morphology and to measure roughness values for unpyrrolidinone on poly(ether sulfone) membranes.
modified and poly(2-vinylpyridine)-modified membrane sur-
faces.Fig. 2 shows typical phase and topographic scans of 3.2, Determination of specific surface areas and pore
the unmodified and polymer-modified membrane surfaces. characteristics from nitrogen adsorption isotherms
Each scan represents a ;p® x 50um lateral areaFig. 2
reveals that the polymer-modified surface was smooth and The method of Brunauer-Emmett-Teller (BET) was
uniform compared to the control membrane surface. The employed to determine surface area based on a model
modified membrane surface had a root-mean-square roughof adsorption that incorporates multilayer coverage. The
ness, RMS =352 nm; the control surface had a root-mean-Barrett—Joyner—Halenda (BJH) method was applied to the
square roughness, RMS = 1.18@. This resultis consistent  isotherms to measure the pore sizes and pore-size distribution
with other published works that report that surface-confined using the Kelvin model of pore filling. Nitrogen was admitted
polymerization can significantly change surface morphology into the membrane chamber in controlled increments. After
[36] and smoothen rough surfadé6—38] Freger et al[37], each dose of adsorptive, the pressure was allowed to equili-
for example, reported decreased surface roughness valuebrate and the volume of nitrogen adsorbed was calculated. A
from 93 to 30nm for Dow Filmtec reverse osmosis mem- plot of the gas volume adsorbed versus pressure (at constant
branes following graft polymerization of polyethylene glycol temperature) defines an adsorption isotherm, from which the
methacrylate and sulfopropyl methacrylate. Tanaguchi et al. volume of gas required to form a monolayer over the external
[38] reported decreased vertical roughness values on 12 ofsurface and its pores was determined. Knowing the value for
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Table 1 _ _ functionalized, plasma-treated membrane; and the poly(2-
BET surface areas and BJH desorption average pore width of the PVDF vinyIpyridine) functionalized membrane foIIowing 24h pon-
membranes for untreated and treated membranes prepared using differen}n e : . .
o erizationFig. 3(d—f) shows the corresponding SEM images
polymerization times o .
at a magnification of 2000. The PVDF membrane exhibits

mgr(nh(;r'za“on Eri;?g/fg)c € S;r'; (3;33:‘2,{')0” average g rich fibrous structure before the modification that appears to
0 o1 P densify after_ polymerlzanorﬁlgs._ Jc and f) shows thqt the

1 249 o84 membrane fibers have grown thicker and the pore sizes have
2 259 1060 become more uniform for the poly(2-vinylpyridine) func-

8 2.71 1118 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
the area covered by each adsorbed molecule to beA?6.2 of the modified membranes Fig. 4 shows that the polymer

[39], the surface area was calculated for each sample. was grafted on the membrane outer surface and also from the
Table Isummarizes the BET surface area data. These datapore surfaces within the bulk of the membranes.

confirm that these porous membranes have relatively low spe-

cific areas that increase slightly from 2.21 to 2. Zgwith 3.4. Determination of pore-size distribution by image
increasing polymerization time. Surface area changes depencnalysis of SEM images

on two competing factors: loss of accessible surface area due

to blocking of small pores and creation of surface area by  |mage-Pro PLUS software was used to determine the
growth of polymer chains that extend from the pore surfaces. membrane surface pore-size distributions and pore-diameter
The latter factor assumes that nitrogen molecules are ablepo|ydispersity values f0||owing p0|ymerization for various
to penetrate in between chains and, in this case, appears t@§mes. By changing polymerization time, the averaggface
compensate for area loss due to pore blockage. pore diameter decreased from 1.11 to Qu88 correspond-

By extending this process to pressure conditions that con-ing to a polymer thickness of about 680Using similar con-
dense the gas into the pores, pore sizes and the pore-sizgitions to grow poly(2-vinylpyridine) from self-assembled
distribution can be evaluated. After reaching high enough monolayer (SAM) surfaces, Li et §29] measured ellipso-
pressures to ensure gas condensation, the adsorptive gas pregetric thicknesses of 186 15A. To understand this apparent
sure is reduced incrementally, thereby evaporating the con-discrepancy, it is necessary to compare the surface initiator
densed gas from the systefable 1shows average bulk pore  densities for SAM versus PGMA layers and the impact of
diameter values calculated using the BJH mettendirage  initiator densities on subsequent polymer layer thicknesses.
diameters increased from 84.6 to 11A.8vith increasing  Liju et al.[33] have shown that for a 6 nm thick surface layer
polymerization time. This result was unexpected. One con- of PGMA, the surface density of initiator40 nn12) is an
tributing factor to this increase in average pore size may be thegrder of magnitude higher than that for a SAM layer on gold
blockage of the smallest pores as a result of polymer growth. (~3 nm2). In that same paper, it was demonstrated that in-
Additionally, under the conditions used for the adsorption ex- creasing the surface density of initiator fror to~40 nnt2
periments, only pore sizes in the mesopore range of 2-50 NMied to a six-fold increase in polystyrene layer thickness for
could be measured. We Speculate, then that two additionalthe same po|ymeriza‘[ion time. ThereforE, with a similar en-
processes may have contributed to the increase in averag&ancement in layer thickness, one would anticipate a poly(2-
BJH pore diameter: the transformation of a large number of vinylpyridine) layer thickness of~630+ 90A, which is
pores from the low end of the mesopore range into the mi- consistent with the average pore diameter decrease of&.200
cropore region, and transformation of macropores into large  Equally important, the pore-size distribution became nar-
mesopores as a result of polymer growth within the pores.  rower following polymerizationEig. 5shows the narrowing

All adsorption—-desorption isotherms displayed Type H4 down of the pore-size distribution as more polymer is grafted
hysteresis loops, which are characteristic of narrow slit-like on the membrane surfaces. By defining a pore-diameter
mesoporef39], and the degree of hysteresis increased as thepolydispersity (PDP) as the weight-average diameter divided
ponmerization time increased. One pOSSib'e explanation of by the number-a\/erage diame[er, the Change in pore_size
this resultis that polymer growth may have partially occluded distribution was quantified (a PDP value of 1.0 means that all
spherical pores. The resulting pore would have arestricted di-pores are equal in size). Initially, for unmodified membranes,
ameter atits entrance, and this ink-bottle type of morphology ppp was 2.05; following polymerization for 24 h, it was

would lead to an increase in degree of hysterg$ reduced to 1.44Table 2shows the time-dependent trend
in the PDP clearly showing that the pore diameters have

3.3. Surface morphologies of the modified PVDF become more uniform.

membranes A control experiment was conducted that subjected an un-

modified membrane to all steps of the process except the
Fig. 3(a—c) shows surface SEM images at a magnification initiator functionalization. The purpose of this control ex-
of 1000x for the unmodified PVDF membrane; initiator- periment was to determine if the pore size properties of the
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Fig. 3. Images (a—c): surface SEM micrographs of the unmodified PVDF membrane (a); initiator-functionalized, plasma-treated membrane (&) the poly
vinylpyridine) (c) functionalized membrane at a magnification of 200Bnages (d—f): corresponding micrographs at a magnification of 000

membrane changed as a result of chemical exposure in the abgroups onthe membrane surfaces against0.01 MFH®Ble 3
sence of poly(2-vinylpyridine) growth. SEM image analysis shows the increase in the static ion-exchange capacity of
showed the average surface pore diameter to beuinoand the membranes from 2.26102 to 7.32x 10~2mmol/g

the PDP to be 1.95. Therefore, chemical exposure and PGMA(2.25x 1072 to 7.32x 10~?meg/g) with an increase in
grafting alone cannot account for the observed decreases irthe polymerization time from 1 to 8h. For ion ex-

average pore diameter and PDP. change of small molecules, these values are low com-
pared to commercially available ion-exchange membranes,

3.5. lon-exchange capacity measurements which typically have capacities of 1-3 mmol/g (1-3 meq/g)
[41].

lon-exchange capacities for the modified membraneswere ATRP is often described as a controlled radical poly-
measured by generating titration curves of the pyridine merization because irreversible termination reactions that
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1]
20.0um

Fig. 4. Images (a—b): cross-sectional SEM micrographs of the unmodified PVDF membrane (a) and the poly(2-vinylpyridine) functionalized mgatbrane (b
a magnification of 5000. Images (c—d): corresponding micrographs at a magnification of>2000
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Fig. 5. Pore-size distribution of the unmodified PVDF membrane and the poly(2-vinylpyridine) functionalized membrane at different polyntarieation
The figure on the right expands the frequency axis to illustrate the depletion of large pore structures.

Table 2

Table 3

Number-average pore diameter and PDP for membranes prepared using diflon-exchange capacities (mmol/g (meg/g)) for membranes prepared using
ferent polymerization times

different polymerization times

Polymerization Number-average pore PDP @ /dn) Polymerization lon-exchange capacity

time (h) diameter €) (um) time (h) (x10~2mmol/g (x10-2 meq/q))
0 111 2.05 1 2.25
2 1.08 1.98 2 3.12
4 1.05 1.75 4 5.36

24 0.98 144 8 7.32
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