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ABSTRACT: The new amphiphilic triblock copolymers
of poly(N-vinyl pyrrolidone-b-methyl methacrylate-b-N-
vinyl pyrrolidone) (P(VP-b-MMA-b-VP)) were synthesized
via a reversible addition fragmentation chain transfer
polymerization route. Using these copolymers as addi-
tives in casting solutions, the porous blend membranes of
poly (vinylidene fluoride) and P(VP-b-MMA-b-VP) were
prepared following a typical nonsolvent induced phase
separation process. The influences of P(VP-b-MMA-b-VP)
on the morphologies of the blend membranes were
observed by scanning electron microscopy. The chemical
compositions in membrane surface layers were measured
by X-ray photoelectron measurement. Water contact angle

and water flux experiments were used to evaluate the
hydrophilicity and permeation properties of the blend
membranes. It was found that the P(VP-b-MMA-b-VP)
copolymers could be retained in membrane stably in
membrane formation and application process. The
copolymers could enrich in surface layer and endowed
the blend membrane with efficient hydrophilicity and
higher water permeation flux. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 119: 2953-2960, 2011
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INTRODUCTION

The polymers including poly(vinylidene fluoride)
(PVDEF), poly(ether sulfone) (PES), polysulfone (PSf),
poly(vinyl chloride) have been widely used as
microfiltration (MF) and ultrafiltration (UF) mem-
branes for water treatments." However, because of
the intrinsic hydrophobicity of these polymers, the
corresponding membranes are easily fouled by pro-
teins. Meanwhile, such hydrophobicity causes that
the higher driven pressure must be applied during
filtration process. These problems currently are con-
tributing the mostly considered limits to polymeric
UF/MF membranes with high performances.”™

Ever researches indicated that the fabrication of
hydrophilic and biocompatible surface was an ideal
route to high-performance UF/MF membranes. Sev-
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eral methods, such as surface coating,‘r’*8 surface

grafting of hydrophilic chains,” " and blending po-
lar polymer into membrane matrix,'*'® etc., have
been developed to hydrophilicate porous polymer
membranes. Among these methods, the blending
method should be the most applicable one because
of its relatively simpler process and lower cost.
Investigations on blend membrane indicated that
the classic hydrophilic polymers of poly(N-vinyl
pyrrolidone) (PVP) or poly ethylene glycol (PEG) or
could not be stably reserved in membrane because
they could be dissolved into coagulation bath in
membrane formation or into water in filtration pro-
cess.”** Consequently, the hydrophilicity, the anti-
fouling property, and the reliability could not be
realized for corresponding blend membranes. To a
certain degree, therefore, PVP or PEG practically
were used as the additive for controlling porous
structure rather than the effective hydrophilication
component for membrane formed via nonsolvent
induced phase separation (NIPS) process.”**
Although the amphiphilic polymer was adopted as
blend reagent, the strong interaction between its
hydrophobic segment and polymer base could
improve the stability of amphiphilic polymer in
membrane matrix. Using PEG segments as hydro-
philic segment, the amphiphilic copolymers with
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Scheme 1 Synthesis and structure of P(VP-b-MMA-b-VP) copolymer.

triblock,??® comb-like* % and b1ranching30_32 archi-
tectures have been investigated as blended reagents
in improving the hydrophilicity and antifouling
properties of porous polymeric membranes.

Considering PVP chains having excellent hydro-
philicity, biocompatibility and protein resistance,
as well as poly (methyl methacrylate ) (PMMA) seg-
ment having the good compatibility with PVDF,**>
the never reported amphiphilic copolymers of
methyl methacrylate and N-vinyl pyrrolidone with
triblock ABA architecture (P(VP-b-MMA-b-VP)) were
proposed for modification of PVDF porous mem-
branes. Among the reported living radical polymer-
ization (LRP) techniques, the advantage of reversi-
ble addition fragmentation chain transfer RAFT
polymerization lies in that almost all monomers
could be used as conventional free radical polymer-
ization.” So far, RAFT polymerization has been
mentioned in the synthesis of amphiphilic block
copolymers.’®** In this work, the never reported
copolymers P(VP-b-MMA-b-VP) with different con-
tents of PVP segment were synthesized via RAFT
process. Following a typical NIPS process, the P(VP-
b-MMA-b-VP) copolymers were blended into porous
PVDF membranes. Considering the hydrophilicity
and water absorption property of PVP block, it was
expected that the hydrophilicity of PVDF membrane
could be improved efficiently by blending P(VP-b-
MMA-b-VP). By investigating the effects of P(VP-b-
MMA-b-VP) on structure, composition, hydrophilic-
ity, and water permeation on membrane, etc., the
potential of P(VP-b-MMA-b-VP) in fabrication of
high-performance membranes for water filtration
should be revealed.

Journal of Applied Polymer Science DOI 10.1002/app

EXPERIMENTAL
Materials

N-Vinyl Pyrrolidone (NVP) and methyl methacrylate
(MMA) were purchased from Aldrich and distilled
before use. The initiator of 4, 4'-azobis (4-cyanovale-
ric acid) (ACVA) was purchased from Qingdao Run
Xing Photolectric Material Company, China. RAFT
reagent of S,5-Bis (o,0-dimethyl-o’-acetic acid)-
trithiocarbonate (DATC) was synthesized following
a reported method.*' PVDF (FR-904, M,, = 380,000)
was obtained from Shanghai 3F New Materials
Company, China. The solvents of N, N-dimethyl
formamide (DMF) and diethyl ether were of analyti-
cal grade and used as accepted.

Synthesis and characterization of P(VP-b-
MMA-b-VP)

The triblock copolymers of P(VP-b-MMA-b-VP) were
synthesized via RAFT polymerization route (Scheme
1). First, NVP, ACVA, and DATC with designed
molar ratio were dissolved in deionized water in a
round-bottom flask below 20°C. After being bubbled
by nitrogen for 20 min, the solution was heated to
70°C and then the polymerization proceeded in
nitrogen atmosphere for 5-10 h at same temperature.
By precipitating the reaction solution into diethyl
ether, the solid of macro-RAFT agent of PVP (*PVDP*)
was collected and dried in a vacuum oven overnight
at 60°C. Second, *PVP*, ACVA, and MMA with
designed mass ratio were dissolved in DMF in a
flask and the mixture was also bubbled with N, for
about 20 min below 20°C. By heating the reaction
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TABLE I

Membranes Prepared with Different Compositions

Surface
Membrane PVDF/P(VP-b-MMA-b-VP)/ porosity of

1D DMF (wt/wt/wt) membrane (%)

MO 12/0/88 0.30

Ma 10.2/1.8 (Copolymer a)/88 4.10

Mb 10.2/1.8 (Copolymer b)/88 5.94

Mc 10.2/1.8 (Copolymer c)/88 9.87

mixture to 70°C, the RAFT polymerization pro-
ceeded for 8-10 h in nitrogen. By pouring the reac-
tion mixture into diethyl ether to remove the unpo-
lymerized MMA, the precipitated powder of rough
P(VP-b-MMA-b-VP) was obtained. Ever work pri-
marily indicated the achievement of the like route in
RAFT-synthesized polymers.*>*

Before characterization and membrane prepara-
tion, the rough P(VP--MMA-b-VP) was carefully
washed with distilled water and then dried in a vac-
uum overnight at 60°C. The chemical composition of
P(VP-b-MMA-b-VP) copolymer was characterized by
FTIR (Vecter 22 FT-IR, Bruker Optics) and proton
nuclear magnetic resonance spectrometer ('H-NMR,
Bruker, 300 MHz), respectively. The molecular
weight was determined by gel permeation chromato-
graph (GPC, WATERS-515, Waters) using DMF as
eluent and polystyrene as calibration standard.

Preparation of PVDF/P(VP-b-MMA-b-VP)
blend membrane

A typical nonsolvent induced phase separation route
(NIPS) was adopted to prepare the porous blend
membranes. To avoid the influence of the factor on
membrane structure and property, no other additives
was used as porogenic agents in membrane prepara-
tion. PVDF and P(VP-b-MMA-b-VP) were blended
and dissolved in DMF (Table I), and the mixture was
stirred at 70°C for 12 h, After being degassed under
reduced pressure at 25°C, the thorough homogeneous
and transparent casting solution was obtained. This
solution was cast into liquid film on a glass plate,
and then the supported liquid film was immediately
immersed in a coagulation bath of deionized water at
30°C. The solidified membrane was rinsed with water
(25°C) for 48 h to remove solvent. Prior to structure
and property characterization, the membrane was
further dried in a vacuum oven overnight at 30°C.

Characterization of membrane structure and
property

The morphology of membrane was imaged on a
scanning electron microscopy (SEM, JEOL, JSM-
5510LV, Japan) after coating gold (Hitachi E1020).
The porosity of membrane was determined by mer-
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Figure 1 FTIR spectrum of the
copolymer (copolymer b).

P(VP-b-MMA-b-VP)

cury porosimetry (Autopore IV9500, Micromeritics).
The surface composition of the membrane was char-
acterized using X-ray photoelectron spectroscopy
(XPS) (PHI 5000c, Peking-Elmer Instruments). The
hydrophilicity was characterized from water contact
angle measurement (OCA20, Dataphysics, Germany)
at 25°C. The water permeation property was tested
on a widely used testing cell using an pressure of
0.1 MPa.'®** The flux ((J,, L/(m? h)) was calculated
following eq. (1),

Jo=Q/(A-1) 1)

Where, Q, t, and A are the volume of permeated
water (L), permeation time (h), and filtration area of
membrane (20 cm? in this work).

RESULTS AND DISCUSSION
Characterizations of P(VP-b-MMA-b-VP)

A typical FT-IR spectrum of synthesized P(VP-b-
MMA-b-VP) (Copolymer b) was shown in Figure 1.
The strongest absorption at 1733.9 and 1673.2 cm ™'
was attributed to the stretching vibration of carbonyl
group (C=0) in residue unit of MMA (O—C=0)
and NVP (N—C=0), respectively. The absorption at
1450 cm ' was generated from the stretching vibra-
tion of C—O—C group in residue unit of MMA
(C—O—C=O0). The absorption peak at 2952.5 cm'
was of the stretching vibration of C—H bonds. The
obvious absorption centering at 3446.1 cm ™' was the
stretching vibration of hydroxyl group in hydrogen-
bond state, which was generated both from the end
—COOH group (residue of CTA) and absorbed
water.

The GPC curves of synthesized copolymers were
given in Figure 2. The calculated molecular weights
and polydiversities (Mw/Mn) of copolymers were
listed in Table II. The phenomena that the mono
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Figure 2 GPC curves of P(VP-b-MMA-b-VP) triblock
copolymers.

peak appeared in GPC curve and the polydiversity
was relative small were of the characteristic of RAFT
polymerization. For the three copolymers, the num-
ber average molecular weight was in comparable
range (10%). In the '"H-NMR spectrum (Fig. 3), all the
characteristic proton peaks from MMA and NVP res-
idue units were found as the indications of chemical
structure of copolymer. On the basis of 'H-NMR
spectra, the content of PVP block in each copolymer
was calculated as 9.9 wt %, 15.7 wt %, and 46.3 wt
%, respectively (Table II).

The results of FTIR, 'H-NMR, and GPC had con-
firmed the feasible synthesis route of P(VP-b-MMA-
b-VP) via RAFT. In fact, the stronger resonance stabi-
lization by the particular substituent of the radical
formed from the vinyl monomer, the higher reactiv-
ity for the monomer.*> For NVP monomer, there is a
pyrrolidone substituent creating p-n resonance from
the lone-pair electrons on N atom and the m-bond.
For MMA monomer, though there is a strong elec-
tron-withdrawing group (—COOCH3;) to enhance the
reactivity of MMA, there is also an electron-donating
group (—CHj) acting oppositely. Related work*® had
showed the reactivity of NVP and MMA were very
close (rpyp = 0.97, rppmma = 0.94). Therefore, it is the-
oretically reasonable that the preparation of P(VP-b-
MMA-b-VP) begins with the polymerization of NVP
monomer.

TABLE II
Characterization Data of P(VP-b-MMA-b-VP)

NVP content (wt%)

Copolymer a a Theory®  Experiment®
Copolymer a 55,400 1.69 122 9.90
Copolymer b 45,400 1.57 20.1 15.7
Copolymer ¢ 35,800 1.40 53.0 46.3

@ Calculated from GPC measurement.
" The *PVP* content in feed reacting materials.
¢ Calculated from 'H-NMR measurement.
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Figure 3 'H-NMR spectrum of P(VP-b-MMA-b-VP) (co-
polymer b).

Structure and composition of PVDF/
P(VP-b-MMA-b-VP) of blend membranes

The surface and cross-sectional morphologies of
three PVDE/P(VP-b-MMA-b-VP) blend membranes,
as well as the pure PVDF membrane prepared in
similar condition were imaged as shown in Figure 4.
The surface pore size was about 0.1-0.2 pm, which
suggests that these blend membranes are of microfil-
tration membrane (MF). After P(VP-b-MMA-b-VP)
copolymer was blended, the surface porosity

Figure 4 SEM images of surface and cross section of
PVDF and blend membranes.
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Figure 5 XPS spectra of PVDF/P(VP-b-MMA-b-VP) blend
membrane surfaces.

increased (Table I). At the same time, with the
increase of PVP block content in copolymer, the void
size in sublayer increased gradually for the blend
membranes. As a result, the bulk porosities deter-
mined by mercury porosimetry for membrane MO,
Ma, Mb, and Mc were about 61, 70, 78, and 85%,
respectively. This result can be expected based on
ternary diffusion models,”” which relates macrovoid
formation to instantaneous liquid-liquid de-mixing
during coagulation. The presence of the amphiphilic
P(VP-b-MMA-b-VP) component in the casting solu-
tion might increase the affinity of the casting solu-
tion and precipitant, enhancing the solvent-nonsol-
vent exchange and leading to instantaneous de-
mixing. Macrovoids and thinner skin layers were
consequently formed.

To investigate the retaining of P(VP-b-MMA-b-VP)
copolymer in membrane formation, the prepared
blend membranes were dissolved in DMSO-dg for
'"H-NMR measurement to characterized the content
of P(VP-b-MMA-b-VP). It was found that over 90%
of P(VP-b-MMA-b-VP) was reserved in final blend
membrane. The loss of P(VP-b-MMA-b-VP) added
into casting solution in blend membrane formation
was less than 10%. In comparison, when the water
soluble hydrophilic polymers of PEG or PVP were
used as blend reagent, these polymers were hardly
reserved in PVDF membrane.”’** Thermodynami-
cally, it was the strong hydrophobic interaction
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between PVDF chain and PMMA block in copoly-
mer that prohibited the loss of P(VP-b-MMA-b-VP).
Further, this higher reservation ratio of P(VP-b-
MMA-b-VP) should guarantee the controllability of
composition and property for the corresponding
blend PVDF membranes prepared via NIPS process.

The surface compositions of PVDF/P(VP-b-MMA-
b-VP) blend membranes were analyzed by XPS
measurements. From the XPS spectra shown in Fig-
ure 5, four major emission peaks at 290.7, 403.5,
535.8, and 692.3 eV were found for C (1s), N (1s), O
(1s), and r F (1s), respectively. On the basis of the in-
tensity of these peaks, the contend of PVP block and
P(VP-b-MMA-b-VP) copolymer in surface layers
were calculated as listed in Table III. Concerning the
reservation ratio of P(VP-b-MMA-b-VP) was higher
than 90% in membrane preparation, the PVDEF/
P(VP-b-MMA-b-VP) ratio adopted in casting solution
was used as the composition of bulk membrane to
calculate the enriching ratio of PVP block and copol-
ymer in membrane surface layer. As shown in Table
I, both the contents of P(VP-b-MMA-b-VP) and
PVP block in surface layer block were much higher
than those in whole membrane, suggesting the
obvious enrichment of P(VP-b-MMA-b-VP) and PVP
block in surface layer. Such enriching phenomena
could be explained from the strong interaction
between water in coagulation bath and PVP block in
copolymer. During membrane formation, this strong
interaction caused PVP block and whole copolymer
diffusing to interface between membrane and water
coagulation bath. Such diffusion behavior could
minimize the interfacial energy in phase inversion.*®
Simultaneously, the strong hydrophobic-hydropho-
bic interaction between PVDF chain and PMMA
block prohibited the copolymer migrating/dissolv-
ing to coagulation bath. Because of the solidification
of membrane completed within a few seconds, the
diffusing copolymers were fixed in membrane sur-
face layer. Concerning that the water in coagulation
bath permeated into the voids inside membrane in
solidification of membrane, the enrichment of P(VP-
b-MMA-b-VP) could also occur on the wall of tunnel
inside membrane.

The enriching degree of P(VP-b-MMA-b-VP) in
surface layer was 2.69 and 2.22, respectively, for

TABLE III
Compositions in Surface Layers of PVDF/P(VP-b-MMA-b-VP) Membranes

P(VP-b-MMA-b-VP) (wt %)

NVP block (wt %)

Membrane ID Added? Found® Found/added Added?® Found® Found/added
Ma 15.0 40.3 1.48 4.00 2.70
Mc 15.0 33.3 6.94 15.5 2.20

 Calculated from composition in casting solution.
P Calculated from XPS measurement.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Proposed distribution of P(VP-b-MMA-b-VP) in
blend PVDF membrane.

blend membrane of Ma and Mc. The content and
surface enriching degree of PVP blocks in surface
layer were also calculated as listed in Table III. The
PVP block content in surface of membrane Ma and
membrane Mc was 4.00 and 15.5 wt %, respectively.
Interestingly, the enrichment degree of PVP block
was consistent quite well with the corresponding
whole copolymer. Considering the fact that length of
all P(VP-b-MMA-b-VP) chains was smaller than 3.60
nm, and the detected depth XPS measurement was
5-7 nm,* it was still difficult to describe the real dis-
tribution state of PVP blocks or P(VP-b-MMA-b-VP)
copolymers in surface layer. Because PVP blocks
were connected to end of ABA type amphiphilic co-
polymer, the faster diffusion of PVP block in mem-
brane formation might yield a state with PVP blocks
stretching out of membrane surface (as proposed in
Fig. 6). Such distribution should be ideal in endow-
ing the membrane with effect hydrophilicity.
Neglecting the size difference among the repeat unit
of PVP, PMMA, or PVDF, the coverage ratio of
hydrophilic segment of PVP block on the two inves-
tigated membrane surfaces might be close to 4.00
and 15.5 wt %, respectively.

Hydrophilicity and water permeation of
blend membranes

The hydrophilicity of P(VP-b-MMA-b-VP) mem-
branes were characterized via water contact angle
measurements. The static water contact angles on
membrane surface were shown in Figure 7. The
pure PVDF membrane had the highest initial water
contact angle (98°), while the initial water contact
angles of blend membrane were below 80°. The
addition of P(VP-b-MMA-b-VP) increased the hydro-
philicity of blend membrane obviously. In mecha-
nism, such improved hydrophilicity was generated
from the existence of PVP blocks on membrane sur-
face. The decrease of water angle with water drop

Journal of Applied Polymer Science DOI 10.1002/app

PANG ET AL.

Mo

70 Ak Ma

60 Mb
Me

=4
=

@
=

Contact Angle (°)

50+

40 ) ) . ) )
0 10 20 30 40 50 60

Time(s)

Figure 7 Water contact angles of freshly made PVDF and
blend membranes.

age indicated that water could diffuse into the pores
in membrane matrix, which suggested the hydrophi-
licity of the tunnel wall inside membrane matrix.”’""
Besides, the evaporation of water in measuring pro-
cess will reduce the size of water drop and prompt
such diffusion. In fact, this water contact angle
decrease is usually found for MF or UF membrane,
especially those for the membrane having larger
pore.

To investigate retaining stability of P(VP-b-MMA-
b-VP) in practical application, the blend membranes
were immersed in water (60°C) and continuously
shaken for different days. By monitoring the change
of water contact angle with shaken time, the reserva-
tion stability of P(VP-b-MMA-b-VP) could be
revealed. From Figure 8, it was clearly found that
blend membrane containing copolymer with higher
VP content had the better hydrophilicity. More
importantly, the water contact angles of blend mem-
branes decreased in the beginning day, and then
reached a stable value. These observations could be
explained from two aspects. First, under the interac-
tion of water, the PVP blocks in surface layer were
further rearranged into an ideal distribution struc-
ture in which PVP blocks stretched toward the out-
side of membrane. Such rearrangement would result
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Figure 8 Water contact angles of blend membranes
shaken in water at 60°C for different time.
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Figure 9 Water fluxes of PVDF and PVDF/P(VP-b-MMA-
b-VP) blend membranes.

in the smaller water contact angle and higher hydro-
philicity. Second, the stable water contact angles
inferred that the copolymer were not dissolved into
water and P(VP-b-MMA-b-VP) was reserved stably
in shaken process, which was attributed to the
strong interaction between hydrophobic segment
(PMMA) in the copolymer and the hydrophobic
membrane matrix (PVDEF). Such stability contributed
the essence for long-term hydrophilication and reli-
ability of membrane in practical application. In real-
water filtration process, the stretching PVP block
could absorb water molecules and a hydrated layer
be formed on membrane surface. This hydrated
layer would prevent the adhesion of foulent on
membrane surface.

The water fluxes of prepared membranes were
given in Figure 9. Because of the high hydrophobic-
ity of PVDF, no water flux was found for pure
PVDEF. For the three prepared blend membranes
with comparable pore size, the water flux reached
600, 1200, and 1800 L/(m> h), respectively. The
water flux increased with PVP block content in co-
polymer, which was consistent with the increasing
trend of hydrophilicity. These results indicated that
the blend of PVDE/P(VP-b-MMA-b-VP) copolymer
effectively improved the filtration performance of
PVDF membrane. By using other additive to control-
ling the porous structure in membrane formation,
the blend PVDF/P(VP-b-MMA-b-VP) membrane
with proper rejection and higher flux would be real-
ized for water filtration.

CONCLUSIONS

The new amphiphilic triblock copolymers of P(VP-b-
MMA-b-VP) were successfully synthesized via RAFT
polymerization. Using these copolymers containing
9.9-46.3 wt % of PVP block, the PVDE/P(VP-b-
MMA-b-VP) blend membranes were prepared
through NIPS process. XPS measurement indicated

that the content of P(VP-b-MMA-b-VP) copolymer in
membrane surface layer was over two times of that
in the whole membrane. The enrichment of PVP
blocks in membrane surface layer endowed the
blend membrane with effective hydrophilicity and
high water permeation flux. Because of the strong
interaction between PMMA block and PVDF chain,
the P(VP-b-MMA-b-VP) copolymer could be retained
stably in blend membrane. Such retaining stability of
copolymer confirmed that P(VP-b-MMA-b-VP)
should be potential blend reagent in high-perform-
ance PVDF membranes for water filtration.

References

1. Dohany, J. E.; Robb, L. E. Encyclopedia of Chemical Technol-
ogy, 3rd ed.; Wiley: New York, 1980.
2. Jim, K. J.; Fane, A. G.; Fell, C. J. D,; Joy, D. C. ] Membr Sci
1992, 68, 79.
3. Belfort, G.; Davis, R. H.; Zydney, A. L. ] Membr Sci 1994, 96,
1.
4. Chan, R.; Chen, V. ] Membr Sci 2004, 242, 169.
5. Nunes, S. P.; Sforc, M. L.; Peinemann, K. V. ] Membr Sci 1995,
106, 49.
6. Kim, K. J.; Fane, A. G.; Fell, C. J. D. Desalination 1988, 70, 229.
7. Asatekin, A.; Menniti, A.; Kang, S.; Elimelech, M.; Morgen-
roth, E.; Mayes, A. M. ] Membr Sci 2006, 285, 81.
8. Hyun, J.; Jang, H.; Kim, K; Na, K.; Tak, T. ] Membr Sci 2006,
282, 52.
9. Singh, N.; Husson, S. M.; Zdyrko, B.; Luzinov, I. ] Membr Sci
2005, 262, 81.
10. Nie, F. Q.; Xu, Z. K;; Huang, X. J.; Ye, P.; Wu, J. Langmuir
2003, 19, 9889.
11. Wavhal, D. S; Fisher, E. R. Langmuir 2003, 19, 79.
12. Tto, Y.; Ochiai, Y.; Park, Y. S.; Imanishi, Y. ] Am Chem Soc
1997, 119, 1619.
13. Ulbricht, M.; Matuschewski, H.; Oechel, A.; Hicke, H. G. ]
Membr Sci 1996, 115, 31.
14. Nunes, S. P.; Peinemann, K. V. ] Membr Sci 1992, 73, 25.
15. Ochoa, N. A.; Masuelli, M.; Marchese, J. ] Membr Sci 2003,
226, 203.
16. Zhao, Y. H.; Zhu, B. K.; Ma, X. T.; Xu, Y. Y. ] Membr Sci 2007,
290, 222.
17. Zhao, Y. H,; Qian, Y. L.; Pang, D. X.; Zhu, B. K; Xu, Y. Y. |
Membr Sci 2007, 304, 138.
18. Zhao, Y. H.; Zhu, B. K.; Kong, L.; Xu, Y. Y. Langmuir 2007,
23, 5779.
19. Shannon, M. A.; Bohn, P. W.; Elimelech, M.; Georgiadis, J. G.;
Marinas, B. J.; Mayes, A. M Nature 2008, 452, 301.
20. Kim, J. H.; Lee, K. H. ] Appl Polym Sci 1998, 138, 153.
21. Zhao, Y. H.; Qian, Y. L.; Zhu, B. K.; Xu, Y. Y. J] Membr Sci
2008, 310, 567.
22. Jung, B.; Yoon, J. K;; Kim, B.; Rhee, H. W. ] Membr Sci 2004,
243, 45.
23. Saljoughi, E.; Amirilargani, M.; Mohammadi, T. ] Appl Polym
Sci 2009, 111, 2537.
24. Chakrabarty, B.; Ghoshal, A. K.; Purkait, M. K. ] Membr Sci
2008, 309, 209.
25. Hancock, L. F. ] Appl Polym Sci 1997, 66, 1353.
26. Wang, Y. Q.; Wang, T,; Su, Y. L,; Peng, F. B.; Wu, H.; Jiang, Z.
Y. Langmuir 2005, 21, 11856.
27. Hester, J. F.; Banerjee, P.; Mayes, A. M. Macromolecules 1999,
32, 1643.
28. Hester, ]J. F.; Banerjee, P.; Won, Y. Y.; Akthakul, A.; Acar, M.
H.; Mayes, A. M. Macromolecules 2002, 35, 7652.

Journal of Applied Polymer Science DOI 10.1002/app



2960

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Park, J. Y.; Acar, M. H.; Akthakul, A.; Kuhlman, W.; Mayes,
A. M. Biomaterials 2006, 27, 856.

Siegers, C.; Biesalski, M.; Haag, R. Chem Eur ] 2004, 10, 2831.
Irvine, D. J.; Mayes, A. M.; Griffith-Cima, L. Macromolecules
1996, 29, 6037.

Wang, Y. Q.; Su, Y. L.; Sun, Q.; Ma, X. L;; Jiang, Z. Y. ] Membr
Sci 2006, 286, 228.

Liu, Z. M; Xu, Z. K,; Wang, J. Q.; Wu, J; Fu, J. J. Eur Polym J
2004, 40, 2077.

Roerdink, E.; Challa, G. Polymer 1978, 19, 173.

Riedl, B.; Prud’homme, R. E. Polym Eng Sci 1984, 24, 1291.
Braunecker, W. A.; Matyjaszewski, K. Prog Polym Sci 2007,
32, 93.

McLeary, J. B.; Calitz, F. M.; McKenzie, . M.; Tonge, M. P.; Sand-
erson, R. D.; Klumperman, B. Macromolecules 2004, 37, 2383.
Pai, T. C.; Barner-Kowollik, C.; Davis, T. P.; Stenzel, M. H.
Polymer 2004, 45, 4383.

Yusa, S.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morish-
ima, Y. Macromolecules 2003, 36, 4208.

Yusa, S.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morish-
ima, Y. Macromolecules 2004, 37, 7507.

Journal of Applied Polymer Science DOI 10.1002/app

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

PANG ET AL.

Lai, J. T,; Filla, D.; Shea, R. Macromolecules 2002, 35, 6754.
Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Jeffery, J. Mac-
romolecules 1998, 31, 5559.

Chong, Y. K;; Moad, G.; Rizzardo, E.; Thang, S. Macromole-
cules 2007, 40, 4446.

Mulder, M. Basic Principles of Membrane Technology;
Kluwer: Dordrecht, The Netherlands, 1996.

Odian, G. Principles of Polymeriztion, 4th ed.; Wiley: New
York, 2004.

Chiu, C. Y,; Yen, Y. J; Kuo, S. W.; Chen, H. W; Chang, F. C.
Polymer 2007, 48, 1329.

Smolders, C. A.; Reuvers, A. J.; Boom, R. M.; Wienk, I. M. ]
Membr Sci 1992, 73, 259.

Suk, D. E.; Chowdhury, G.; Matsuura, T.; Narbaits, R. M.; San-
terre, P.; Pleizier, G.; Deslandes, Y. Macromolecules 2002, 35,
3017.

Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F.; Mui-
lenberg, G. E. Handbook of XPS; PE Corporation: USA, 1979.
Liu, F. P; Gardner, D. J.; Wolcott, M. P. Langmuir 1995, 11,
2674.

Yasuda, T.; Miyama, M.; Yasuda, H. Langmuir 1992, 8, 1425.



