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SYNOPSIS

Polydimethylsiloxane (PDMS) membranes were made by catalytic hydrosilylation of a
siloxane compound having a vinyl group and an SiH group in the presence of 1,4-dioxane.
By washing it with water many pores were formed in the membrane. Then, the pore size
of the membrane was controlled by treatment of aminopropyltrimethoxysilane (APTMS)
solution. When increasing the APTMS concentration, the pore size of the membrane was
reduced by the formation of APTMS oligomer on the surface of the membrane. The char-
acteristics of the membrane was examined by IR, ATR-IR, and SEM techniques. Also, the
permeation properties of dextrans and polystyrene latexes through the treated membrane
were examined by the ultrafiltration method. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Polydimethylsiloxane (PDMS) containing an un-
saturated vinyl group and that having an SiH group
facilitate vulcanization in the presence of a catalyst
(usually a platinum derivative).! The vulcanizate is
applied to rubber synthesis'? and various fields of
industry use.? In the field of membrane technology,
there are a large number of reports on permeation
of gas mixtures through PDMS membrane having
nonporous structure.*® However, little is known
concerning the study of porous PDMS membrane.
As new materials for membrane technology, we pre-
viously developed PDMS vulcanizate having pores
formed by hydrogen foams during hydrosilylation
cure.® It was difficult to prepare the thin membrane
having various pore sizes by this method, because
the pore formation sensitively depends on the con-
ditions of hydrogen generation during the cure such
as cure time, cure temperature, and membrane
thickness.

In the present work we prepared PDMS mem-
brane having many pores by hydrosilylation cure in
the presence of 1,4-dioxane. Then the pore size of
the PDMS membrane was controlled by treatment
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with a silane coupling agent. The characteristics of
the membrane treated with the silane coupling agent
and ultrafiltration property of dextrans for polysty-
rene latexes and dextrans was examined.

EXPERIMENTAL

Materials

PDMS having vinyl content of 0.28 mmol/g was
prepared according to the literature.®” In order to
obtain proper mechanical strength of PDMS mem-
brane cured by hydrosilylation in accordance with
the equation (Scheme 1), we employed vinyl-type
PDMS having Q resin structure, quadrifunctional
siloxane SiO, (Scheme 2), designated by conven-
tional silicone nomenclature.? Hydrosilyl type
PDMS, poly (methylhydrogen siloxane) containing
16 mmol /g of SiH group, was prepared from 1,3,5,7-
tetramethylcyclotetrasiloxane.® Table I shows the
content of the silicone compound for hydrosilylation.
The amount of the catalyst in the compound is 20
ppm of Pt based on total PDMS. SiO, fusing filler
having silanol groups ( Aerosil 380; relative surface
area: 380 m?/g, average diameter: 12 nm, density:
50 g/L) was compounded with vinyl-type PDMS
before mixing of hydrosilyl-type PDMS. The phys-
ical properties of the cured PDMS with 2.5-mm
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thickness and 10-mm width are as follows: hardness,
25; strength, 30 kg/cm?; elongation, 100%.

For the formation of many pores in the mem-
brane, the hydrosilylation cure was carried out in
the presence of 1,4-dioxane. After the cure, the
membrane was washed with water to remove the
1,4-dioxane. The membranes obtained have proper
mechanical strength without being fragile and tough.

y-Aminopropyltrimethoxysilane (APTMS) was
supplied from Toshiba Silicone Co. Ltd., and used
without further purification.

Membrane Preparation and Evaluation

Preparation of porous PDMS membranes is as fol-
lows. The PDMS compound was well-mixed, de-
gassed, and cast on the Teflon sheet with a pair of
200-um thick spacer. After the curing at 30°C for 1
h, the membranes obtained were immersed into large
quantities of water overnight to remove 1,4-dioxane.
Then the membranes were dried in vacuo at room
temperature.

In order to control the pore size of the membrane
prepared, the treatments of porous membranes with
APTMS (Scheme 3) were carried out in a manner
similar to that previously reported.>!* PDMS mem-
branes were soaked into various concentrations of
APTMS in the acidic methanol solutions. The wet
membranes were aged at 70°C for 30 min. After the
aging, those were washed with large quantities of
methanol and then dried in vacuo at room temper-
ature.

Infrared spectra of the membranes obtained were
recorded by using Hitachi IR260-10 and Shimadzu
FT-IR 8100 spectrophotometer, respectively. The
ATR spectra of the membranes were obtained by
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Table I Polydimethylsiloxane Base Compound
for Porous Membranes

Vinyl and SiH
Viscosity Contents
Parts (cp) (mmol/g)
Vinyl-type PDMS®* 100 7 X 10* 0.28
SiH-type PDMS 10 15 16
Additives 20-45 — —
Fusing silica® 5 — —

® Pt cat. content, 20 ppm.
b G0, (Aerosil 380) was used.

the attenuated total reflection (ATR-IR) technique
and taken at 45° angle to the incident light.
Permeation experiments were carried out by use
of the PDMS membranes having 43-mm effective
diameter and 120-150-um thickness. The apparatus
for ultrafiltration was similar to that previously
used.}!"'® As macromolecular solutes for the ultra-
filtration, dextran (D) and diethylaminoethyldex-
tran (DA) having M,, of 2 X 10% and 5 X 10°, re-
spectively, were used without further purification
(Pharmacia). The amounts of the solutes were
measured by HPLC analysis (Tohso Co. Ltd.)
equipped with Tsk,, G5000PW,,; column and dif-
ferential refractometer (RI-8010). In addition, we
used polystyrene latexes as permeation solutes
(Nippon Zeon Industry) having 0.192 and 1 um di-
ameter. The latex concentration of the aqueous so-
lution having absorption at 225 nm was determined
by using a Hitachi UV spectrophotometer. The ex-
perimentally obtained rejection, R, is defined as

R=1[(C,—C,)/Cy) X100

where C, and C; denote the concentrations of bulk
and permeated solutes, respectively.

The pH adjustment was carried out using a Hor-
iba F-11 pH meter equipped with a Horiba combi-
nation electrode no. 6366.
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RESULTS AND DISCUSSION

Membrane Formations and Silane Coupling
Treatments

In order to check the pore formation in the mem-
brane, water was permeated through the membranes
by use of the ultrafiltration cell under hydraulic
pressure of 7.5 kPa. Figure 1 shows volume flux of
water for PDMS membranes prepared from PDMS
compounds containing various amounts of 1,4-diox-
ane. The values of the volume flux become zero at
lower than 25 wt % of 1,4-dioxane content. Then,
the amount of water permeated through the mem-
brane increased with an increase of 1,4-dioxane
content.

Figure 2 show photographs of SEM for (a) surface
and (b) cross section of the porous membrane pre-
pared from the PDMS compound containing 45 wt
% 1,4-dioxane. In the photograph of the surface,
there are many pores in the range of about 1-5-um
diameter. The photograph shows the cross section
of the membrane having about 120-um thickness.
It is noted that there are many fine grooves crossing
through the membrane. In contrast with the porous
membrane, PDMS membrane prepared without 1,4-
dioxane had homogeneous cross section and no fine
grooves. In addition, the pores were not observed on
the surface of the membrane. In the absence of 1,4-
dioxane nonporous membrane was formed. This
suggests that the presence of 1,4-dioxane is impor-
tant in the pore formation.
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Figure 1 Volume flux of water permeated through
PDMS membranes prepared from silicone compounds
having various amounts of 1,4-dioxane.
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Figure 2 SEM of (a) surface and (b) cross section of
PDMS membrane prepared from the compound contain-
ing 45 wt % 1,4-dioxane.

In attempt to control the pore size of the mem-
brane, treatment of the membrane with a silane
coupling agent!! such as APTMS was carried out.
It was well known'>!® that APTMS is hydrolyzed
in acidic solution to obtain the silane triols. The
silane triols condense to a siloxane network. The
oligomers of the coupling agent precipitate on the
substrate and then react with the OH group on the
surface (Scheme 3).

The treatment of PDMS membranes with
APTMS was followed by taking IR and ATR-IR
spectra of the treated membrane. In IR spectra of
PDMS membranes before and after the APTMS
treatment, the peaks at about 2180 and 3000 cm™?,
assigned to the SiH group of poly(methyl-
hydrogensiloxane) and asymmetric CH stretching
for Si— CH; group of PDMS!" are observed. Fur-
ther, the spectrum of the PDMS membrane without
the APTMS treatment has a broad peak in the 3300-
3500 cm ™! region, assigned to Si— OH group of fus-
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Figure 3 ATR-IR spectra of PDMS membranes treated
with (a) 0, (b) 5, (¢) 10, (d) 40, and (e) 50 wt % of APTMS
solutions.

ing filler, but the broad peak disappeared in the
spectrum for the treated membrane. This indicates
that APTMS reacts with the Si— OH site on the
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Figure 4 Peak ratios of (O) 1000 or (1) 1130 cm™ to
1270 cm™ in ATR-IR spectra of PDMS membranes
treated with various APTMS solutions.
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Figure 5 SEM photographs of (a) surface and (b) and
(c) cross section of the PDMS membrane treated with 50
wt % of APTMS solution.

fusing filler in the membrane. The amino group of
APTMS has absorption in about the 3000 cm™ re-
gion.'* However, the peak of the amino group of
APTMS bound to the surface overlaps with the
strong peak of the asymmetric CH stretching of
PDMS in the spectrum.

Figure 3 shows ATR-IR spectra of PDMS mem-
branes treated with various APTMS solutions. The
spectra of PDMS membranes have characteristic
peaks assigned to Si—O—Si symmetric, asym-
metric stretching, and Si— CHj stretching at about
800, 1000-1130, and 1270 cm™*, respectively.!” Es-
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Figure 6 Volume flux of latex and dextrans (D, DA ) for PDMS membranes treated with
various APTMS solutions. (a) water (@) and 5 ppm aqueous solution of latex having 0.19-
pm diameter (O). (b) DA at (8) pH 11 and ({J) pH 4 and (A) D at pH 4. The molecular
weight DA and D is 5 X 10° and 2 X 109, respectively; 0.1 wt % aqueous solution was used

for the experiments.

pecially the peak at 1130 cm ™! is characteristic of

the highly crosslinked siloxane such as the SiO,
units.!” We reported that the treated PDMS mem-
brane had the characteristic peak in 1000 cm™! for
the Si— O —Si group of the silane coupling agent
bound to the surface of the substrate such as glass.'®
The intensity of the characteristic peak increased
with an increase in APTMS concentration (Fig. 3).
The appearance of the peak for the Si—O—Si
groups in the spectrum of PDMS membrane implies
that the coupling reaction proceeds on the surface
with the forming siloxane chain (Scheme 3).

Figure 4 shows peak ratios of 1000 and 1130 to
1270 cm ! at various APTMS concentrations. With
increasing APTMS concentration, the values of the
peak ratio somewhat increased and then became
constant in the range of 5-40 wt % APTMS con-
centrations. However, the values of the peak ratio
markedly increased at the 50 wt % APTMS con-
centration. This suggests that the formation of the
APTMS oligomer on the surface of the membrane
is significantly accelerated in the concentration re-
gion between 40 and 50 wt %.

Figure 5 show SEM photographs of PDMS mem-
brane treated with 50 wt % APTMS solution. As
shown in Figure 2, the untreated PDMS membrane
has a many pores on the surface and fine grooves in
the cross section. But, as shown in Figure 5(b), the
pores on the surface of the treated membrane was
not observed at the magnification X20000. In ad-
dition, the fine grooves of the treated membrane are
not clear relative to the cross section of the untreated
membrane. These comparisons suggest that the pore

size in the membrane is reduced by the treatment
of APTMS as a result of the formation of APTMS
oligomer on the surface of the membrane.

Permeation Behavior of Solutes

In order to estimate the pore size of the membrane,
we examined the permeability of polystyrene latexes
and Ds. Here, the diameter of each latex used is 0.19
and 1 um. In addition, D and DA having 2 X 10
and 5 X 10° molecular weight was used, respectively.
Figure 6 shows volume flux of water and aqueous
solution of the latex or the D. The value of the vol-
ume flux decreased for the membrane treated with
APTMS. This results from the decrease of the pore
size of the membrane treated with APTMS solution.
In the latex having 1-um diameter, the amount of
the permeated solution through the membranes was
extremely low because the latex particles clogged
pores of the membrane.

Figure 7 shows plots of rejection of latex and Ds
versus APTMS concentration. As the concentration
of APTMS solution increased, the values of the re-
jection for each solute increased. In latex having 1-
um diameter, however, the values of the rejection is
almost 100% regardless of the APTMS concentra-
tion. Also, in the membrane treated with 50 wt %
APTMS solution, the rejection of all solutes used
was nearly 100%.

It is interesting to note that the rejection of DA
at pH 4 is high compared with those of D and DA
at pH 11. In the membrane treated with 30 and 40
wt % solutions, a notable difference between both
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Figure 7 Rejection of latexes and dextrans (D, DA) for PDMS membranes treated with
various APTMS solutions. (a) latex having (A) 1-um diameter and (O) 0.19-um diameter.
(b) DA at (m) pH 11 and (®m) pH 4 and (A) D at pH 4.

pH solutions of DA was observed. For the data of
volume flux as shown in Figure 6(b), there is ten-
dency that the volume flux of DA (pH 11), D (pH
4), and DA (pH 4) decreased in that order. As is
well-known, values of volume flux in ultrafiltration
of macromolecular solute solution influence the vis-
cosity of the solution and the degree of rejection.!®
We measured reduced viscosity of 0.1 wt % of these
solute solutions at 30°C. The values of the reduced
viscosity (cm®/g) of the solution for DA at pH 4
and 11 and D at pH 4 were 2.1, 1.0, and 1.2, respec-
tively. It was reported that DA having diethylamino
groups positively charges at the acidic pH region;
pK of the group is 8.5-8.9." Accordingly, the mo-
lecular size of DA at pH 4 is apparently larger than
that at pH 11 because of the expanding conformation
of DA chains by electrostatic repulsion of positively
charged diethylamino groups as is typical in poly-
electrolytes.?

For the membrane treated with 40 wt % of
APTMS solution, a significant pH dependency in
the shape of ATR-IR spectra was observed. Figure
8 compares ATR spectra in the wavenumber range
between 1300 and 1700 cm ™! for the treated mem-
brane. Before the measurement, the treated mem-
branes were soaked in dilute aqueous solutions of
HCI and NaOH at pH 4 and 11, respectively, and
then dried in vacuo. The ATR-IR spectra of the
treated membranes have a band at 1485 cm™! for
the CH, bending mode of the propyl chain of
APTMS.* In the case of the membrane soaked in
dilute NaOH solution at pH 11, the peak at about
1585 cm™! is attributed to bending of the amino
group of APTMS, %7 while it disappeared at pH 4.
In addition, weak bands at about 1575 and 1600 cm™!

are assigned to the symmetric and asymmetric de-
formation modes of the NH?Z group, !¢ respectively.
Accordingly, it seems that the pH change of the
spectra resulted from the acid-base equilibrium
(Scheme 4) of amino groups bound to the treated
membrane.

From these data, the restricted permeation of DA
at pH 4 is due to electrostatic repulsion between the
cationic solute and positively charged membrane.
Also, the contribution of mechanical sieve to the
rejection of DA at pH 4 is included because of both
the small pore size of the membrane and the large
molecular size of DA at pH 4. On the other hand,
at pH 11, the contribution of charge effect to the
permeation of DA is small, because of a low proton-
ation of the amino group and the diethylamino group

pH 4

pH 11
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Figure 8 ATR-IR spectra at pH 4 and 11 for PDMS
membrane treated with 40 wt % APTMS solution.
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for APTMS bound to the membrane and DA, re-
spectively.

CONCLUSIONS

Porous PDMS membranes prepared by hydrosilyla-
tion cure in the presence of 1,4-dioxane were treated
with APTMS at various concentrations in order to
control the pore size. The properties of the treated
membrane and permeation behavior of dextrans and
latex beads were examined at pH 4 and 11.

The authors wish to express their thanks to Toshiba Sil-
icone Co. Ltd., for supplying APTMS and for variable
suggestions. We acknowledge the measurement of SEM
photographs by Ryuji Satoh in the Department of Chem-
istry, Nagaoka University of Technology.
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