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ABSTRACT: Hydrophobically surface-modified membranes were prepared by adding a fluorine-containing
graft copolymer into a microphase-separated membrane consisting of poly(dimethylsiloxane) (PDMS) and
poly(methyl methacrylate) (PMMA). This study focuses on the effects of surface characteristics and
microphase separation of the surface-modified membranes on their permselectivity for a dilute aqueous
solution of benzene in pervaporation. Contact angle measurements and X-ray photoelectron spectroscopy
revealed that the addition of a fluorine-containing copolymer produced a hydrophobic surface at the
membrane air side due to its surface localization. It became apparent from transmission electron
microscopy that adding a fluorine-containing copolymer of less than 1.2 wt % did not affect the morphology
of the microphase-separated membrane, but adding the copolymer over 1.2 wt % resulted in a
morphological change from a continuous PDMS phase to a discontinuous PDMS phase. The addition of
a small amount of fluorine-containing copolymer into the microphase-separated membranes enhanced
both the permeability and selectivity for a dilute aqueous solution of benzene in pervaporation because
of their hydrophobic surfaces and microphase-separated structures. Specifically, the microphase-separated
membrane containing 1.2 wt % of fluorine-containing copolymer concentrated from an aqueous solution
of 0.05 wt % benzene to 70 wt % benzene and removed benzene in water very effectively. This paper also
discusses the effect of the asymmetric surface structure of the hydrophobically surface-modified membranes

on their permselectivity.

Introduction

Removal of volatile organic compounds (VOCs) in
wastewater has recently gained attention as an envi-
ronmentally important and commercially viable ap-
plication of membrane technology in the environmental
industry.!l Pervaporation is a promising membrane
process for removing very low concentrations of VOCs
in water due to its potential savings in energy costs.
Therefore, some researchers have investigated the
characteristics of permeation and separation for such
organic liquid mixtures through a variety of membranes
by pervaporation.2=11 In the removal of VOCs in water
through pervaporation membranes, most researchers
have focused on rubbery polymer membranes such as
poly(dimethylsiloxane) (PDMS) and their derivatives,3—8
but few systematic studies on the relationship of mem-
brane structure and pervaporation characteristics are
available. However, a fundamental understanding of the
relationship between membrane structures such as
microphase separation, surface properties, etc., and
permeation characteristics is vital to optimize the
membrane structure for this emerging membrane sepa-
ration.

We have studied the relationship between the struc-
tures of multicomponent polymer membranes contain-
ing PDMS and their permselectivity for aqueous ethanol
solutions in pervaporation.t2-2° Our previous studies
revealed that the phase structures of multicomponent
polymer membranes such as block copolymer, graft
copolymer, and polymer blend membranes strongly
influence their permeability and selectivity. These
results suggest that designing the phase structures of
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multicomponent polymer membranes is of great impor-
tance in improving their performance. In a previous
study,?° furthermore, we discussed the morphological
effect of microphase separation in graft copolymer
membranes containing PDMS on their pervaporation
characteristics in the removal of VOCs in water. It was
concluded from the study that a continuous PDMS
phase in their microphase separation plays an impor-
tant role in the selective removal of VOCs.

Generally, surface properties of multicomponent poly-
mers are quite different from their bulk properties
because of the surface localization of a component.21—36
For example, a fluorine-containing component in a
multicomponent polymer is preferentially concentrated
at its surface to minimize the surface free energy.
Therefore, the fluorine-containing polymer that is spon-
taneously localized at the polymer surface might enable
a simple surface modification of pervaporation mem-
branes. Our previous studies revealed that adding
fluorine-containing polymers into ethanol-permselective
membranes enhances their permselectivity for the
separation of aqueous ethanol solutions due to their very
hydrophobic surface.!>~17 Because the permeation mech-
anism of organic liquid mixtures by pervaporation is
based on the solution-diffusion theory, designing a
membrane structure in which VOCs are more prefer-
entially sorbed than water is an approach for developing
high-performance membranes to remove dilute VOCs
in water. For example, Nakagawa et al.® improved a
PDMS membrane by graft polymerization of 1H,1H,9H-
hexadecafluorononyl methacrylate, which has the effect
of increasing the selectivity for chlorinated hydrocar-
bons. The grafted PDMS membrane showed a great
separation performance due to the introduction of the
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hydrophobic component. Their results suggested to us
that our simple surface modification using fluorine-
containing polymer additives can be applied to improve
pervaporation membranes for removal of VOCs in
water.

In this study, we prepared hydrophobically surface-
modified membranes by adding a fluorine-containing
graft copolymer into a microphase-separated membrane
to develop a high-performance pervaporation membrane
for removing VOCs in water. The surface and morphol-
ogy of microphase separation in the surface-modified
membranes were investigated in detail by contact angle
measurements, X-ray photoelectron spectroscopy, and
transmission electron microscopy. This paper focuses on
the effect of the hydrophobic surface and microphase
separation in the surface-modified membranes on their
permeability and selectivity for a dilute aqueous solu-
tion of benzene as a representative VOC.

Experimental Section

Materials. The PDMS macromonomer (1), which has 25
units of the pendant PDMS, was supplied by Toray Dow
Corning Silicone Co., Ltd. 1H,1H,2H,2H-Heptadecafluorodecyl
acrylate (perfluoroalkyl acrylate: PFA) (Clariant (Japan) K.
K.) was used as received. Methyl methacrylate (MMA) as a
comonomer was purified by distillation under reduced pressure
in nitrogen gas. 2,2'-Azobis(isobutyronitrile) (AIBN) recrystal-
lized from benzene solution was used as an initiator. All other
solvents and reagents were of analytical grade and were
obtained from commercial sources and used without further
purification.

g
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PFA (2)

Copolymerization of PDMS Macromonomer with MMA
or PFA. Graft copolymers consisting of PMMA and PDMS
(PMMA-g-PDMS) were synthesized by the copolymerization
of a PDMS macromonomer with MMA by the methods reported
in previous papers as follows:?1420 The PDMS macromonomer
was copolymerized with MMA using AIBN in benzene at 60
°C for 6 h under nitrogen gas. The resulting PMMA-g-PDMS
was isolated by slow precipitation with a 1:2 mixture of
n-hexane and ethanol and was purified by reprecipitation from
benzene solution into a 1:2 mixture of n-hexane and ethanol.
In this study, PMMA-g-PDMS with a DMS content of 74 mol
% was used as a matrix polymer because its membrane showed
the highest permeability and selectivity for a dilute aqueous
solution of benzene in PMMA-g-PDMS membranes with vari-
ous DMS contents. The highest permeability and selectivity
were due to the fact that the membrane with a DMS content
of 74 mol % had a microphase separation consisting of a
continuous PDMS phase to allow benzene to permeate pref-
erentially, as reported in a previous paper.?

A graft copolymer consisting of PFA and PDMS (PFA-g-
PDMS) was obtained by the copolymerization of a PDMS
macromonomer with PFA as follows: PDMS macromonomer
and PFA in a typical composition were dissolved together with
AIBN (0.5 wt % relative to the monomers) in benzene to make
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a 40 wt % solution. The mixture was then transferred to a
glass tube. The copolymerization was carried out at 60 °C for
6 h under nitrogen gas. The resulting PFA-g-PDMS was
isolated by slow precipitation with a 1:2 mixture of n-hexane
and ethanol. It was purified by reprecipitation from benzene
solution into a 1:2 mixture of n-hexane and ethanol and dried
at 40 °C in vacuo.

Average molecular weights of PFA-g-PDMS were deter-
mined by gel permeation chromatography (GPC) (Waters
Associates, Inc., R-400), equipped with a TSK-GEL column
(Tosoh Co., Ltd.; G2000HXL, G3000HXL, G5000HXL), and
ultraviolet spectrophotometry (Shimadzu Co., Ltd., SPD-2A).
Tetrahydrofuran was used as an eluent, and calibration was
done with polystyrene standards. The number-average mo-
lecular weight of PFA-g-PDMS was 182 000 g/mol, and the
ratio of the weight-average molecular weight to the number-
average molecular weight (M\/M;) was about two. The com-
position of the resultant PFA-g-PDMS was determined from
270 MHz 'H nuclear magnetic resonance (NMR) (JEOL; EX-
270) spectra by measuring the integrals of the peaks assigned
to methylene protons (2.5 and 4.5 ppm) of the PFA and DMS
protons (0 ppm) of the DMS macromonomer, after the purified
copolymer had been dissolved in chloroform-d. The DMS
content in the resulting PFA-g-PDMS was 90 mol % when the
PDMS content in the feed was 92 mol %. In this study,
therefore, PFA-g-PDMS with a PFA content of 10 mol % was
used as a fluorine-containing polymer additive.

Membrane Preparation. Prescribed amounts of PMMA-
g-PDMS were dissolved in benzene at 25 °C at a concentration
of 4 wt % for the preparation of casting solutions. Furthermore,
the prescribed amounts of PFA-g-PDMS were added into the
casting solutions. The PMMA-g-PDMS membranes containing
a small amount of PFA-g-PDMS (PFA-g-PDMS/PMMA-g-
PDMS membranes) were prepared by pouring the casting
solutions onto rimmed stainless steel plates and allowing the
solvent to evaporate completely at 25 °C in dried air. The
resulting membranes were transparent, and their thickness
was about 150 um. A membrane taken off the stainless steel
plate has two surfaces that were formed under a different
environment: A surface of the membrane was formed in
contact with the dried air, and another surface was formed in
contact with the stainless steel plate. In this study, we call
them the air-side surface and the stainless steel-side surface
of the membrane.

Contact Angle Measurements. Contact angles of water
on the air-side and stainless steel-side surfaces of the PFA-
g-PDMS/PMMA-g-PDMS membranes were measured using a
contact angle meter (Erma model G-1) at 25 °C. The contact
angles were determined from the advancing contact angle (6,)
and receding contact angle (6y) by eq 1.

cos 6, + cos Gb) O

— -1
6 = cos ( >

In this study, the surface free energy was obtained from the
contact angles of water and formamide with eq 2, which was
proposed by Owens et al.,*3%7 as follows:

(1 + cos 0)y,
= O D"

Ye=vs + v @)

where ys and y, are the surface free energy of the solid and
the liquid, and y, y, v¢, and yP are the dispersion force
components and polar force components of the surface free
energy of the solid and the liquid, respectively. The dispersion
force component and polar force component of the surface free
energy of water are 21.8 and 51.0 erg/cm?, respectively, and
those of formamide are 39.5 and 18.7 erg/cm?, respectively.383°

Transmission Electron Microscopy (TEM). The PFA-
g-PDMS/PMMA-g-PDMS membranes were vapor-stained with
an aqueous solution of 0.5 wt % RuQ, in glass-covered dishes.*
The stained membranes were embedded in epoxy resin and
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Figure 1. Pervaporation apparatus with circulation of the
feed solution.

cross sectioned into thin films (thickness: approximately 60
nm) with a microtome (Leica; Reichert Ultracut E). The
morphological features that can be brought out by our staining
procedure were observed with a transmission electron micro-
scope (TEM) (JEOL JEM-1210) at an accelerating voltage of
80 kV.

X-ray Photoelectron Spectroscopy (XPS). Surfaces of
the PFA-g-PDMS/PMMA-g-PDMS membranes were charac-
terized with an X-ray photoelectron spectroscope (JEOL, JPS-
9000MX). Typical operation conditions were as follows: Mg
Ka radiation with 10 kV and 10 mA. The pressure in the
instrumental chamber was less than 1 x 107 Pa. No radiation
damage was observed during the data collection time. The
charge correction in the binding energy scale was done by
setting the —CH,— peak in the carbon spectra to 285.0 eV.
Overlapping peaks were resolved into their individual com-
ponents of the core-level spectra, which were well described
by Gaussians. The full width at half-maximum (fwhm) of each
individual peak was less than 2.0 eV.

Permeation Measurements. Pervaporation was carried
out using the apparatus as shown in Figure 1 under the
following conditions: permeation temperature, 40 °C; pressure
of permeate side, 1 x 1072 Torr. The effective membrane area
was 13.8 cm?. An aqueous solution of 0.05 wt % benzene was
used as a feed solution. The feed solution was circulated
between the pervaporation cell and the feed tank to maintain
the concentration of the feed solution in the pervaporation cell
constant during pervaporation. After the permeate was dis-
solved in a definite amount of ethanol for mixing water with
benzene, its composition was determined using a gas chro-
matograph (Shimadzu GC-14A) equipped with a flame ioniza-
tion detector (FID) and a capillary column (Shimadzu Co., Ltd.,
Porapak Q) heated to 180 °C. The permeation rates of an
aqueous benzene solution in pervaporation were determined
from the weight of the permeate collected in a cold trap,
permeation time, and effective membrane area. The results
of the permeation of an aqueous benzene solution by pervapo-
ration were reproducible, and the errors inherent in the
permeation measurements are of the order of a few percent.

Results and Discussion

Surface Characterization. Figure 2 shows the
effect of the PFA-g-PDMS content on the contact angle
of water and the surface free energy of the PFA-g-
PDMS/PMMA-g-PDMS membranes. The surface free
energy was determined from the contact angles of water
and formamide on the air-side and stainless steel-side
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Figure 2. Effects of the PFA-g-PDMS content on the contact
angle of water (a) and the surface free energy (b) on the air-
side surface (O) and stainless steel-side surface (®) of the PFA-
g-PDMS/PMMA-g-PDMS membranes. The surface free energy
was determined from the contact angles of water and forma-
mide on the membrane surface by eq 2.

surfaces of the membranes. The contact angles of water
on the air-side and stainless steel-side surfaces of the
PFA-g-PDMS/PMMA-g-PDMS membranes increased
dramatically following the addition of PFA-g-PDMS.
This suggests that adding PFA-g-PDMS into the PMMA-
g-PDMS membrane made its surface very hydrophobic.
With increasing PFA-g-PDMS content, the surface free
energy of the air-side and stainless steel-side surfaces
of the PFA-g-PDMS/PMMA-g-PDMS membranes de-
creased sharply. This is due to surface localization of
the very hydrophobic PFA component to minimize the
surface free energy. At a PFA-g-PDMS content over 0.2
wt %, however, the surface free energy of the air-side
surface was constant at about 11 erg/cm?2. The constant
surface free energy means that the amount of PFA-g-
PDMS at the air-side surface was saturated. In addition,
the surface free energy of the air-side surface was lower
than that of the stainless steel-side surface. This
indicates that the hydrophobic PFA-g-PDMS was more
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Figure 3. Effects of the PFA-g-PDMS content on the atomic
ratio of fluorine to carbon (F/C) of the air-side surface (O) and
stainless steel-side surface (®) and on total F/C (O) of the PFA-
g-PDMS/PMMA-g-PDMS membranes. The surface F/C was
determined by XPS analysis, and the total F/C was calculated
from the PFA-g-PDMS content.

preferentially concentrated at the air-side surface than
at the stainless steel-side surface because air is much
more hydrophobic than the stainless steel surface.
The atomic ratios of fluorine to carbon (F/C) near the
air-side and stainless steel-side surfaces of the PFA-g-
PDMS/PMMA-g-PDMS membranes are shown in Figure
3. Total F/C was calculated from the PFA-g-PDMS
content in the PFA-g-PDMS/PMMA-g-PDMS mem-
branes. Adding PFA-g-PDMS up to 0.2 wt % resulted
in a dramatic increase in F/C near both surfaces. The
surface F/C in the membranes with a PFA-g-PDMS
content of more than 0.2 wt % was constant despite
increasing PFA-g-PDMS content. These results suggest
that PFA-g-PDMS was preferentially concentrated near
the surface and was saturated near the surfaces of the
membranes with a PFA-g-PDMS content of more than
0.2 wt %. This is due to the low surface free energy of
the PFA component desirable for stability of the surface.
In addition, the F/C of the air-side surface was much
larger than that of the stainless steel-side surface. It
can be concluded that PFA-g-PDMS is more preferen-
tially concentrated near the air-side surface than near
the stainless steel-side surface because air is much more
hydrophobic than the stainless steel. Thus, the larger
contact angle of water on the air-side surface than on
the stainless steel-side surface is attributed to the
preferential surface localization of PFA-g-PDMS. Con-
sequently, the contact angle and XPS measurements
revealed that adding a small amount of PFA-g-PDMS
makes the air-side surface of the PMMA-g-PDMS
membranes very hydrophobic. This is a simple surface
modification to make the membrane surface very hy-
drophobic. It is worth noting that the PFA-g-PDMS/
PMMA-g-PDMS membranes have an asymmetric struc-
ture so that the air side of the membranes has a more
hydrophobic surface than the stainless steel side. Such
an asymmetric structure of a pervaporation membrane
must have a strong effect on the characteristics of
permeation and separation during pervaporation. Fur-
thermore, investigating the inner structure of the PFA-
g-PDMS/PMMA-g-PDMS membranes is very important
because it influences the diffusivity of penetrants into
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the membranes strongly. The next section focuses on
the effect of the addition of PFA-g-PDMS on microphase
separation of the surface-modified PMMA-g-PDMS mem-
branes.

Microphase Separation. In previous papers,12-20
we have related the morphology of microphase-separat-
ed membranes to their permeability and selectivity for
organic liquid mixtures in pervaporation. From our
previous studies on multicomponent polymer mem-
branes for the separation of aqueous ethanol solutions,
it was apparent that the permselectivity of microphase-
separated membranes consisting of ethanol- and water-
permselective components is strongly governed by the
continuity of each phase. Furthermore, the difference
in morphology of microphase separation between block
and graft copolymer membranes resulted in their quite
different pervaporation characteristics despite their
same composition.'® Therefore, characterizing the mor-
phology of the PFA-g-PDMS/PMMA-g-PDMS mem-
branes is of great importance in terms of their applica-
tion to pervaporation membranes. This section focuses
on morphological changes in the PFA-g-PDMS/PMMA-
g-PDMS membranes due to the addition of PFA-g-
PDMS.

Transmission electron micrographs of cross sections
of the PFA-g-PDMS/PMMA-g-PDMS membranes with
various PFA-g-PDMS contents are shown in Figure 4.
The PDMS component was stained by RuQg,, but the
PMMA and PFA components were not. These micro-
graphs clearly demonstrate that all PFA-g-PDMS/
PMMA-g-PDMS membranes had distinct microphase
separation. As reported in previous papers,12141920 the
PMMA-g-PDMS membranes with a high DMS content
had distinct microphase separation consisting of a
continuous PDMS phase and a continuous PMMA
phase. In the PMMA-g-PDMS membranes, the continu-
ous PDMS phase enabled the membrane to preferen-
tially permeate benzene in water.?® Figure 4 demon-
strates that the PFA-g-PDMS/PMMA-g-PDMS mem-
branes with a PFA-g-PDMS content of less than 1.2 wt
% might have microphase separation in which a PDMS
component formed a continuous phase in the direction
of their membrane thickness, similarly to the micro-
phase separation of the PMMA-g-PDMS membrane
containing no PFA-g-PDMS.1419 On the other hand, it
is apparent from the TEM images of the membranes
with more than 1.2 wt % PFA-g-PDMS that the addition
of PFA-g-PDMS over 1.2 wt % made the PDMS phase
discontinuous. Consequently, the morphology of micro-
phase separation of the PFA-g-PDMS/PMMA-g-PDMS
membranes with a high PFA-g-PDMS content is strongly
dependent upon the PFA-g-PDMS content.

The effect of the PFA-g-PDMS additive on the micro-
phase separation of the PFA-g-PDMS/PMMA-g-PDMS
membranes can be explained by a proposed model
shown in Figure 5. In the membranes containing a small
amount of PFA-g-PDMS, very little PFA-g-PDMS exists
in the inner microphase separation because most of the
PFA-g-PDMS is concentrated at the membrane surface.
Therefore, the addition of PFA-g-PDMS of less than 1.2
wt % (Figure 5a) has no influence on the morphology of
the microphase separation in the PMMA-g-PDMS mem-
branes. In addition, the air-side surface of the PFA-g-
PDMS/PMMA-g-PDMS membranes is more hydropho-
bic than the stainless steel-side surface because PFA-
g-PDMS is more preferentially localized near the air-
side surface rather than near the stainless steel-side
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Figure 4. Transmission electron micrographs of cross sections of the PFA-g-PDMS/PMMA-g-PDMS membranes with various
PFA-g-PDMS contents. The dark region stained by RuO, represents the PDMS component.
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Figure 5. Tentative illustration for the surface and inner
microphase separation of the PFA-g-PDMS/PMMA-g-PDMS
membranes as a function of the PFA-g-PDMS content.

surface to minimize its surface and interfacial free
energy. At a PFA-g-PDMS content of about 1.2 wt %
(Figure 5b), the amount of PFA-g-PDMS localized at the
membrane surface is saturated, and the PFA-g-PDMS/
PMMA-g-PDMS membranes have the most hydrophobic
surface. The membranes with a PFA-g-PDMS content
of more than 1.2 wt % (Figure 5c) also have a surface
as hydrophobic as that with a PFA-g-PDMS content of
1.2 wt %, but excess PFA-g-PDMS is distributed in the

inner microphase separation. Excess PFA-g-PDMS causes
a morphological change in the microphase separation
because it may play a role as a surface-active agent. The
PDMS component then changes from a continuous
phase to a discontinuous phase to form a more finely
dispersed phase because of the surface-active function
of excess PFA-g-PDMS. Consequently, it can be con-
cluded from some surface characterizations and TEM
observations that the addition of 1.2 wt % PFA-g-PDMS
can enhance the surface hydrophobicity of the PMMA-
g-PDMS membrane the most effectively without chang-
ing its inner microphase separation. It is worth noting
that the PFA-g-PDMS/PMMA-g-PDMS membranes have
such an asymmetric structure that their air-side surface
is more hydrophobic than their stainless steel-side
surface.

Effect of Surface Modification on Membrane
Characteristics. This section describes the relation-
ship between surface modification of the PMMA-g-
PDMS membranes and their pervaporation character-
istics. In particular, to investigate the effect of the
asymmetric structure of the PFA-g-PDMS/PMMA-g-
PDMS membranes on their permeability and selectivity,
an aqueous solution of 0.05 wt % benzene was perme-
ated from the air-side surface (permeation I) and the
stainless steel-side surface (permeation I1) of the mem-
branes by pervaporation. The air-side surface of the
PFA-g-PDMS/PMMA-g-PDMS membranes faced the
feed side in a pervaporation cell in the case of perme-
ation I, and the stainless steel-side surface faced the
feed side in permeation Il. Figure 6 shows the effect of
the PFA-g-PDMS content on the normalized permeation
rate and on the benzene concentration in the permeate
passing through the PFA-g-PDMS/PMMA-g-PDMS mem-
branes by pervaporation. Because water and benzene
were phase-separated in the permeate in which benzene
was concentrated through the PFA-g-PDMS/PMMA-g-
PDMS membranes, the permeate was dissolved in a
definite amount of ethanol to mix water with benzene,
and its composition was determined using gas chroma-
tography. In Figure 6, the normalized permeation rate
is the product of the permeation rate and the membrane
thickness. The benzene concentration of the permeate
through the PFA-g-PDMS/PMMA-g-PDMS membranes
was much higher than that of the feed solution (the
aqueous solution of 0.05 wt % benzene). This suggests
that PFA-g-PDMS/PMMA-g-PDMS membranes are
highly benzene-permselective membranes. In perme-
ation 1, especially, the PFA-g-PDMS/PMMA-g-PDMS
membrane with a PFA-g-PDMS content of 1.2 wt %
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Figure 6. Effects of the PFA-g-PDMS content on the normal-
ized permeation rate (a) and on the benzene concentration of
the permeate (b) through the PFA-g-PDMS/PMMA-g-PDMS
membranes during pervaporation (40 °C). An aqueous solution
of 0.05 wt % benzene as a feed solution was permeated from
the air-side surface (permeation I) (O) and the stainless steel-
side surface (permeation Il) (®) of the membranes.

concentrated the agueous solution of 0.05 wt % to about
70 wt %. Therefore, the PFA-g-PDMS/PMMA-g-PDMS
membrane is an excellent membrane to preferentially
remove benzene from aqueous benzene solutions.

There was no difference in the pervaporation char-
acteristics of the PMMA-g-PDMS membranes between
permeations | and Il. However, the PFA-g-PDMS/
PMMA-g-PDMS membranes showed substantial differ-
ences in the normalized permeation rate and the
benzene concentration in the permeate between perme-
ations | and Il. This means that the asymmetrically
modified surface of their membranes strongly influences
the permeability and selectivity. In permeation 11, the
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normalized permeation rate through the PFA-g-PDMS/
PMMA-g-PDMS membranes showed a maximum at a
PFA-g-PDMS content of 0.5 wt %, and the benzene
concentration in the permeate tended to decrease with
increasing PFA-g-PDMS content. On the other hand,
both the normalized permeation rate and the benzene
concentration in the permeate in permeation | increased
dramatically following the addition of PFA-g-PDMS up
to 1.2 wt %. However, adding PFA-g-PDMS at more
than 1.2 wt % resulted in a slight decrease in both the
normalized permeation rate and the benzene concentra-
tion in the permeate. Generally, most modifications of
pervaporation membranes cannot enhance their selec-
tivity without lowering their permeability. Therefore,
it is interesting to note that adding a small amount of
PFA-g-PDMS enhanced both the permeability and
benzene selectivity of the PMMA-g-PDMS membrane
in permeation I. This might be due to the fact that the
small amount of PFA-g-PDMS can make the air-side
surface of the PFA-g-PDMS/PMMA-g-PDMS very hy-
drophobic without changing the inner microphase sepa-
ration. When the PFA-g-PDMS content was increased
to 1.2 wt %, the behavior of the benzene concentration
in the permeate corresponded to that of the surface free
energy of the PFA-g-PDMS/PMMA-g-PDMS mem-
branes. This fact suggests that the benzene selectivity
of the PFA-g-PDMS/PMMA-g-PDMS membranes was
associated with their surface characteristics. Thus, the
asymmetric surface modification by a fluorine-contain-
ing polymer additive is a very effective method for
enhancing both membrane permeability and selectivity.

On the basis of the solution-diffusion theory, the effect
of asymmetric surface-modification of the PFA-g-PDMS/
PMMA-g-PDMS membranes on their permeability and
selectivity can be explained on the basis of the structural
model shown in Figure 5. As described in the previous
section, the air-side surface of the PFA-g-PDMS/PMMA-
g-PDMS membranes becomes very hydrophobic by add-
ing a small amount of PFA-g-PDMS, and the hydropho-
bicity remains constant when the PFA-g-PDMS content
is more than 0.2 wt %. In the solution process of
permeation I, the very hydrophobic air-side surface
strongly prevents water molecules in the feed solution
from being sorbed into the PFA-g-PDMS/PMMA-g-
PDMS membranes. As a result, the relative solubility
of benzene molecules is enhanced because of the con-
siderably reduced solubility of water molecules. This
might be supported by the result in the previous studies
where ethanol was more preferentially incorporated into
very hydrophobic surfaces of surface-modified mem-
branes compared to the case of water.15~17 In addition,
because the morphology of the microphase separation
in the PMMA-g-PDMS membranes is not influenced by
the addition of PFA-g-PDMS at less than 1.2 wt %, the
PFA-g-PDMS/PMMA-g-PDMS membranes have a mi-
crophase separation consisting of a continuous PDMS
phase which plays an important role in preferential
diffusion of benzene molecules, similarly to the PMMA-
g-PDMS membrane with a PDMS content of more than
40 mol % reported in previous papers.12141920 |n the
diffusion process of permeation I, therefore, benzene
molecules concentrated at the membrane surface can
diffuse easily in the continuous PDMS phase. Conse-
quently, adding 1.2 wt % PFA-g-PDMS improves the
benzene selectivity of the PMMA-g-PDMS membrane
very effectively, based on both the depressed solubility
of water into the very hydrophobic surface and the high
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diffusivity of benzene in the continuous PDMS phase.

The PFA-g-PDMS/PMMA-g-PDMS membranes with
a PFA-g-PDMS content of more than 1.2 wt % also have
a very hydrophobic surface similar to those between 0.2
and 1.2 wt %. Therefore, benzene is more preferentially
incorporated into their hydrophobic air-side surface than
water in the solution process of permeation I. However,
adding PFA-g-PDMS of more than 1.2 wt % leads to a
morphological change in the PDMS phase from a
continuous phase to a discontinuous phase. As reported
in a previous paper,?° in microphase-separated mem-
branes having a continuous PMMA phase and a dis-
continuous PDMS phase, the permeation in the former
phase is more predominant than that in the latter
phase. The diffusivity of benzene is then more strongly
reduced than that of water in the rigid PMMA phase
due to the larger molecular size of benzene. The strongly
reduced diffusivity of benzene is the reason that the
PFA-g-PDMS/PMMA-g-PDMS membranes with a PFA-
g-PDMS content of more than 1.2 wt % show a decrease
in the benzene selectivity despite their hydrophobic air-
side surface. Thus, hydrophobic surface modification of
pervaporation membranes without changing the inner
microphase separation is very effective for enhancing
their benzene selectivity, and our method by adding
fluorine-containing polymer is useful in such a surface
modification.

On the other hand, the stainless steel-side surface of
the PFA-g-PDMS/PMMA-g-PDMS membranes is less
hydrophobic than their air-side surface due to localiza-
tion of PFA-g-PDMS at the air-side surface. Therefore,
the solubility of benzene into the stainless steel-side
surface in the solution process of permeation 11 is lower
than that into the air-side surface in permeation I. The
lower solubility of benzene in the solution process of
permeation Il causes lower permeability and benzene
selectivity of the PFA-g-PDMS/PMMA-g-PDMS mem-
branes in permeation Il than in permeation I. Compari-
son between permeations I and Il revealed that the
asymmetric structure of the pervaporation membranes
strongly influences their permeability and selectivity
and that designing such a membrane structure is of
great importance in developing high-performance per-
vaporation membranes.

Consequently, this study revealed that the preferen-
tial sorption of benzene into the hydrophobic surfaces
combined with the high diffusivity of the penetrant into
the microphase-separated structure enhanced the ben-
zene selectivity in the PMMA-g-PDMS membrane. Our
results suggest a novel concept for membrane design
in improving both permeability and selectivity for
organic liquid mixtures.

Conclusions

Microphase-separated PMMA-g-PDMS membranes
were surface-modified by addition of hydrophobic PFA-
g-PDMS. The permselectivity of hydrophobically surface-
modified membranes for a dilute aqueous solution of
benzene was investigated from the viewpoint of their
surface characteristics and microphase separation. The
addition of a small amount of PFA-g-PDMS made the
air-side surface of the PMMA-g-PDMS membrane very
hydrophobic without changing the morphology of its
microphase separation because PFA-g-PDMS was con-
centrated at its air-side surface. When a dilute aqueous
solution of benzene was permeated through the surface-
modified membranes, the membrane with a PFA-g-
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PDMS content of 1.2 wt % showed the highest perme-
ability and benzene selectivity. This was due to the
preferential sorption of benzene into the hydrophobic
surfaces combined with a high diffusivity of the pen-
etrant in the microphase-separated structure. In addi-
tion, this study revealed that an asymmetric structure
of surface-modified membranes strongly influences their
permeability and benzene selectivity. The microphase-
separated membranes with an asymmetric surface
structure showed much higher permeability and ben-
zene selectivity in permeating the feed solution from
their more hydrophobic surfaces (permeation 1) com-
pared to that permeating from their less hydrophobic
surfaces (permeation II).
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