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ABSTRACT: In this study, 2-hydroxyethyl methacrylate
and N-isopropyl acrylamide was block grafted onto the
polypropylene macroporous membrane surface by photo-
induced reversible addition-fragmentation chain transfer
(RAFT) radical polymerization with benzyl dithiobenzoate
as the RAFT agent. The degree of grafting of poly(2-
hydroxyethyl methacrylate) on the membrane surface
increased with UV irradiation time and decreased with the
chain transfer agent concentration increasing. The poly(2-
hydroxyethyl methacrylate)- grafted membranes were
used as macro chain transfer agent for the further block
graft copolymerization of N-isopropyl acrylamide in the

presence of free radical initiator. The degree of grafting of
poly(N-isopropyl acrylamide) increased with reaction time.
Furthermore, the poly(2-hydroxyethyl methacrylate)-
grafted membrane with a degree of grafting of 0.48% (wt)
showed the highest relative pure water flux and the best
antifouling characteristics of protein dispersion. VC 2011
Wiley Periodicals, Inc. J Appl Polym Sci 123: 3668–3674, 2012
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INTRODUCTION

For membranes, the surface properties are as impor-
tant as their bulk properties, but it is often difficult
to find a material that provides a suitable combina-
tion of both. To solve this problem, surface modifica-
tion has been widely used to enhance the membrane
performance such as flux and selectivity without
changing the bulk properties.1–3 Membrane surface
modification is an important area for both applied
and basic research. A number of surface modifica-
tion techniques such as plasma treatment, photo-
induced graft were adopted, most of which are via
the traditional free-radical polymerization process.

Unfortunately, for surface modification using tra-
ditional free-radical grafting technique, it is not easy
to control the chain structure or to graft block co-
polymer on materials surface in most cases. Covalent
attachment of polymer chains to solid substrates
by surface-initiated controlled radical polymerization

is an effective method for tailoring surface
properties.4,5

Among them, reversible addition fragmentation
chain transfer polymerization (RAFT) is unarguably
the most adaptable to controlled radical polymeriza-
tion of versatile monomers under a variety of condi-
tions.6–8 This process also allows the synthesis of a
wide range of functional polymers with fine struc-
tures in one step without group protecting.
Poly(2-hydroxyethyl methacrylate) (PHEMA) sur-

face-modified membranes have many technological
applications, including enzyme immobilization,
hydrophilicity, biocompatibility, and antifouling char-
acterization, as a result of the presence of hydroxyl
groups in the side chains of the polymer.9–11 There-
fore, tethering PHEMA to the membrane surface
through graft polymerization of HEMA has received
much attention. Although HEMA can be grafted on
macroporous polypropylene membrane (PPMM) by
ozone treatment and c-ray irradiation,12,13 it is diffi-
cult to graft PHEMA on PPMM surface by the con-
ventional one-pot photo-induced polymerization.
Using benzophenone (BP) together with FeCl3�6H2O
as the photosensitizer, PHEMA has been grafted on
PPMM surface under UV irradiation.9 Nevertheless,
block copolymer cannot be obtained by this
technique.
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In this work, we report on the surface modifica-
tion of polypropylene macroporous membrane by
the photo-induced RAFT polymerization of HEMA,
benzyl dithiobenzoate (BDTB) was used as the chain
transfer agent (CTA). To verify the living character
of CTA, the HEMA-grafted membrane was used as
macro CTA for further block graft copolymerization
with N-isopropyl acrylamide (NIPAAm) in the pres-
ence of free radical initiator, 2,20-azobisisobutyroni-
trile (AIBN).

EXPERIMENTAL SECTION

Materials

Polypropylene macroporous membrane (PPMM)
with a porosity of 45–50% and an average pore di-
ameter of about 0.10 lm, 2,20-azobisisobutyronitrile
(AIBN), benzophenone (BP), 2-hydroxyethyl methac-
rylate (HEMA), and N-isopropyl acrylamide
(NIPAAm, 98%) were used as purchased. Benzyl
dithiobenzoate (BDTB) was synthesized according to
the literature.14,15 Characterization was done by 1H
NMR: (CDCl3, 300 MHz) (ppm): 4.61 (s, 2H); 7.23–
7.43 (m, 8H); and 8.02 (m, 2H). Bovine serum albu-
min (BSA, purity > 98%, pI ¼ 4.8, Mw ¼ 66 kDa)
was purchased from Sino-American Biotechnology
Co. and used as received. BSA was mixed in a phos-
phate buffered saline (PBS) solution at pH 7.4.

Membrane surface modification

Membrane surface modification was performed
according to our previous work with minor modifi-
cations.16 Preweighed PPMMs were soaked for 60
min in 50 mL BP solution in heptane, each side of
the membranes was subjected to UV irradiation for
15 min. The photo-induced grafting polymerization
was conducted in a degassed and sealed flask under
UV irradiation in the presence of 50 mL 0–5.0
mmol/L BDTB and 5% (v/v) HEMA solution in an-
hydrous ethanol. Finally, the HEMA-modified mem-
brane, NIPAAm (10% (wt)) and AIBN (0.10 mol/L)
were introduced into 40 mL of 2-propanol, and the
polymerization was initiated by AIBN at 60�C. The
BP immobilized, HEMA modified, and the NIPAAm
graft copolymerized membranes were designated as
PPMM-BP, PPMM-g-PHEMA, and PPMM-g-
PHEMA-b-PNIPAAm, respectively.

After each step of surface modification, the sam-
ples were taken out of the reaction system and
washed with ethanol and pure water in a shaking
water bath at 30�C for 24 h, then dried completely in
vacuum at 40�C to a constant weight. The degree of
grafting of PHEMA (DG2) and PNIPAAm (DG3)
were calculated as follows:

DG2 ¼ ðW2 �W0Þ
W0

� 100% (1)

DG3 ¼ ðW3 �W2Þ
W0

� 100% (2)

where DG2 and DG3 are the degrees of grafting of
PHEMA and PNIPAAm on the membrane surface,
% (wt); W0 is the weight of the blank membrane, W2

and W3 are the weights of the membranes in the sec-
ond and the third step, respectively.

Characterization of the modified membranes

Membrane characterization by attenuated total re-
flection—Fourier transform infrared spectroscopy
(FTIR/ATR), X-ray photoelectron spectroscopy (XPS),
field emission scanning electron microscopy (FESEM),
and mean membrane pore size analysis, were con-
ducted as described before.17

Membrane filtration

The permeation properties of PPMMs were examined
in a stirred dead-ended ultrafiltration test cell con-
nected to a 2 L feed tank.18 The deionized water
fluxes (J0,u) and (J0,m) were obtained by measuring
permeate through the unmodified and modified
membranes. Then, 1 g/L BSA dispersion in phos-
phate buffer solution at pH 7.4 was used as the feed
solution; the flux at the end of the BSA filtration was
recorded as Jp. The membranes were subsequently
cleaned with deionized water and 0.1M NaOH solu-
tion, the fluxes (J1 and J2) were then measured after
water and caustic cleaning. The volumetric fluxes
were divided by J0,u to obtain the relative fluxes.

RESULTS AND DISCUSSION

RAFT-mediated block graft of PHEMA
and PNIPAAm on the PPMM surface

In this study, the photo-induced RAFT-mediated
block graft copolymerization of HEMA and NIPAAm
was carried out as proposed in Ref. 18. BP was immo-
bilized on the membrane surface under UV irradiation
in the first step. In the second step, HEMA was
grafted on the membrane surface with the functional
benzodithioic moieties linked at the tail of the grafting
chain. In the third step, PPMM-g-PHEMA was used
as surface macro CTA; PNIPAAm was further block
grafted onto the membrane surface initiated by AIBN.
Figure 1 shows the effect of the reaction time and

CTA concentration on the degree of grafting of
PHEMA on PPMM (DG2). In the CTA adding pro-
cess, DG2 increases very slowly during the reaction
time of 0–30 min, which indicates that the process is
somehow inhibited within the first 0–30 min. An
ideal RAFT process should be fast and the
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intermediate RAFT-adduct radical should be short
lived.19 However, an obvious reduction of the rate
was been observed,19,20 indicating that the slow frag-
mentation of the intermediate macro-RAFT radicals
may be the primary cause.21 After 30 min reaction,
DG2 increases a bit quickly with reaction time,
which may be due to chain entanglement and self-
autoacceleration.22

For the conventional process ([BDTB] ¼ 0), DG2

increases with reaction time, especially after 20 min
the increase is obvious, which resulted from the self-
autoacceleration in a traditional free radical poly-
merization process.23 This phenomenon is in good
agreement with the conventional graft polymeriza-
tion process initiated by free radicals. In addition,
the conventional process always gains a higher DG2

than the corresponding RAFT-mediated process.

Figure 2 shows the effect of the CTA concentration
on DG2. It can be found that at the reaction time of
60 min and monomer concentration of 5 % (v/v),
DG2 decreases with the increase of CTA concentra-
tion. This result indicates that as CTA concentration
is reduced, the normal events of radical polymeriza-
tion becomes more dominant than the RAFT-medi-
ated process.24 The grafting chains are initiated by
the RAFT agent and the decomposition of the sur-
face initiator PPMM-BP, that is, the number of the
initiating sites increased with the prolongation of
UV irradiation time in the second step. As a result,
the polymerization was not a living process. The
RAFT agents were really introduced to the grafting
chains via the reversible termination process.18

It is not easy to synthesize block copolymers with
conventional free radical polymerization strategies.
Favorably, block copolymers can be easily obtained
just by sequential addition of different monomers to
the reaction system during the living polymerization
process. This is the distinct characteristic of living
polymerization. Herein, PPMM-g-PHEMA contain-
ing CTA functional groups was used as macro-
CTA,25 and NIPAAm was block grafted on PPMM-
g-PHEMA surface without UV irradiation in the
presence of free radical initiator, AIBN, which can-
not produce new initiating sites on the membrane
surface. The degree of grafting of PNIPAAm (DG3)
on the membrane surface is shown in Figure 3. It
can be found that DG3 increases with reaction time,
which indicates that the grafted HEMA chains can
really be served as the surface macro CTA for the
subsequent surface-initiated block graft copolymer-
ization of PNIPAAm. Thus, the here reported
method can be a very simple way to graft block
polymeric chains on the membrane surface and pre-
pare multifunctional responsive membranes.26

Figure 1 Effect of the reaction time and chain transfer
agent concentration on degree of grafting of PHEMA on
PPMM (DG2). Monomer concentration of HEMA is 5 %
(v/v). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Figure 2 Variation of degree of grafting of PHEMA on
PPMM (DG2) with CTA concentration.

Figure 3 Variation of degree of grafting of PNIPAAm
(DG3) on PPMM-g-PHEMA with the reaction time.
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Characterization

HEMA was grafted onto the membrane surface,
which was confirmed by the FTIR/ATR analysis
(Fig. 4). A broad absorption band at 3400 cm�1

ascribed to the AOAH stretching vibration appears,
indicating AOH groups on the membrane surface.
An obvious absorption band at 1720 cm�1 character-
istic of the C¼¼O stretching vibration of esters in
PHEMA is found for the modified membranes.
Other new absorption bands appearing at 1160
cm�1, 1270 cm�1, and 1080 cm�1 are characteristic of
the CAOAC stretching vibration, the CAO stretching
vibration and the OAH deformation vibration of the
CAOAH group, respectively.9 The intensity of these
absorption bands increase with the degree of graft-
ing of PHEMA (DG2) on the membrane surface.

XPS was employed to analyze the chemical com-
position on the membrane surface (Fig. 5). It can be
found a small O1s peak at 531.6 eV in spectra for
the unmodified membrane due to oxidation of the
membrane.27 Compared with the virgin PPMM, it
can be clearly seen that after the surface grafting of
PHEMA, the intensity of the O1s increases. After the
subsequent block grafting of PNIPAAm on the
PPMM-g-PHEMA surface, a new peak at 402.3 eV
corresponding to N1s appears. The N1s peak can be
designated to the block graft copolymerization with
PNIPAAm on the membrane surface. These results
demonstrate that the block copolymer of PHEMA-b-
PNIPAAm is successfully grafted on the membrane
surface.

The surface morphology of the modified mem-
branes was observed by FESEM observations
(Fig. 6). Compared with the unmodified PPMM with

high porosity [Fig. 6(a)], the surfaces of the modified
PPMMs are covered with polymers gradually as the
degree of grafting increases [Fig. 6(b–e)]. The mem-
brane pores are plugged and the surface porosity
decreases with the degree of grafting increasing. Af-
ter the block graft copolymerization of PNIPAAm on
the PHEMA-grafted membrane [Fig. 6(f)], the sur-
face was further covered with a thicker layer of
polymer, and the membrane pore size and surface
porosity decrease continuously.
FESEM images were afterward treated with image

analysis software (Image-Pro plus 6.0) to obtain
more information on membrane pore size. Typical
results are shown in Table I. It is found that the
pore size and surface porosity decrease with the
degree of grafting. This result is in good consistence
with the FESEM observations.

Permeation and the antifouling characteristics

Variation of the relative pure water flux through
PPMM-g-PHEMA with different DG2 is shown in
Figure 7. The relative pure water flux increases with
DG2, and has a maximum value of 1270 Lm�2h�1

(three times the values of the unmodified PPMM)
for the PHEMA-modified PPMM with a DG2 of
0.48% (wt), then it decreases with the further
increase of DG2. In the permeation process, the
membrane permeability is determined mainly by
two factors: one is the membrane structure, such as
the thickness, pore size, and porosity; the other is
the membrane surface hydrophilicity.28 The surface
hydrophilicity increases with the degree of grafting
(the results of the water contact angles were not
shown). When the DG2 is low, the hydration of
PHEMA chains results in a decreased resistance of

Figure 4 FTIR/ATR spectra for the unmodified mem-
brane and HEMA-grafted membrane with different degree
of grafting. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 5 XPS spectra for the unmodified and modified
PPMMs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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water permeation and thus increases the water
fluxes. For the membranes with high DG2, the graft
layer is thick and the expanded PHEMA conforma-
tion in aqueous circumstance tends to clog mem-
brane pores, and consequently the water fluxes
decrease.29

The nonspecific adsorption of protein on the mem-
brane surface and in the membrane pores is the

main cause of membrane fouling in protein separa-
tion and purification. For the filtration of protein dis-
persion, membrane fouling should be reduced as
much as possible. In this work, BSA was used as a
model protein to investigate the antifouling charac-
teristics of the unmodified and PHEMA-modified
membranes; the results are also shown in Figure 7.
It can be found that the water fluxes after BSA

Figure 6 FESEM images (�40,000) for the PHEMA-grafted PPMMs. (a)–(e) with a DG2 of 0, 0.48, 0.60, 2.40, and 4.05%
(wt), respectively. (f) DG2 ¼ 0.60% (wt) and DG3 ¼ 3.32% (wt). The red circles are drawn by Image-Pro Plus automatically
when calculating membrane pore size. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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filtration (Jp), followed by water (J1) and caustic
cleaning (J2), shows the same trend as those of the
modified PPMM (J0,m). The values of fluxes through
the modified membranes are higher than the corre-
sponding ones of the unmodified membranes. Com-
pared with J0,m, Jp decreases dramatically, which is
attributed to protein adsorption and/or convective
deposition on membrane surface (cake formation).
These results allow us to conclude that the antifoul-
ing ability of PPMM membrane is significantly
improved after the introduction of hydrophilic
PHEMA brushes. When the degree of grafting is too
high, the membrane permeation flux will reduce,
there should be an optimal value of degree of graft-
ing for membranes permeate ability and membrane
antifouling characteristics. These results indicate that
the degree of grafting plays important role in mem-
brane performances and should be carefully
modulated.

CONCLUSIONS

Surface modification of polypropylene macroporous
membranes were performed by the block grafting
of poly(2-hydroxyethyl methacrylate) and poly(N-
isopropyl acrylamide) via a photo-induced surface-
initiated RAFT method. The degree of grafting of
poly(2-hydroxyethyl methacrylate) increases with
UV irradiation time and decreases with the concen-
tration of the CTA. The poly(2-hydroxyethyl meth-
acrylate)- modified membranes were used as
macro CTA, and poly(N-isopropyl acrylamide) was
block grafted on the membranes surfaces initiated
by the free radical initiator. The degree of grafting
of poly(N-isopropyl acrylamide) increases with
reaction time. These results demonstrate that
polymeric membranes can be block grafted with
different monomers by the photo-induced RAFT
method.

The PHEMA-modified membrane with a degree
of grafting of 0.48% (wt) shows the highest pure
water flux and the best antifouling characteristics.
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