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supported silsesquioxane membranes†
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and Toshinori Tsuru*

A novel approach to the preparation of polymer-supported silsesquioxane membranes is developed via

photo-induced sol–gel processing. An organically bridged silsesquioxane thin layer by coating

a silsesquioxane sol with a photo-acid generator onto a polymeric SPES/PSF composite nanofiltration

membrane followed by irradiation with UV at room temperature. This polymer-supported silsesquioxane

membrane derived from 1,2-bis(trimethoxysilyl)ethane displays selective water permeation with a water

permeance of 3.0 � 10�6 mol m�2 s�1 Pa�1, and shows a separation factor of 99 in the pervaporation of

a 90 wt% isopropanol aqueous solution.
Introduction

Silsesquioxane is an organosilicon compound with a chemical
formula [RSiO3/2]n where Si is the element silicon, O is oxygen,
and R is either hydrogen or an organic group. Recent reports
have shown that organically bridged silsesquioxane is an ideal
candidate for the fabrication of microporous membranes with
well-controlled properties.1,2 Organically bridged silsesquioxane
membranes are mostly prepared via a sol–gel technique that
uses bis-silyl-type alkoxides as a precursor.3 In particular, the
membranes prepared using 1,2-bis(triethoxysilyl)ethane
(BTESE) have been extensively studied over the past few years
because the silsesquioxane networks with a C2H4-bridged
structure have micropores with the size of 0.5–0.7 nm,4,5 which
is suitable for applications in gas separation,6,7 pervaporation,8,9

and reverse osmosis.10

In fabricating such silsesquioxane membranes, a composite
structure consisting of a separation active layer on a porous
support is preferred because it provides good mechanical
strength and can greatly reduce the thickness of the separation
active layer. Porous ceramic such as a-alumina is the most
common material used for such porous supports.1–10 In
contrast, little work has been performed on the fabrication of
silsesquioxane membranes using polymeric supports, although
the use of polymeric supports instead of ceramic ones may offer
great potential for cost-savings and large-scale manufacturing.
Development of polymer-supported silsesquioxane membranes
has long been a challenging task, because the ring step, which
is essential in a sol–gel process, is usually done at 200–400 �C.
oshima University, 1-4-1 Kagamiyama,

an. E-mail: tsuru@hiroshima-u.ac.jp

tion (ESI) available. See DOI:
Recently, we developed a new type of layered-hybrid membrane
consisting of a BTESE-derived layer on a polymeric support by
lowering the ring temperature in order to avoid thermal
degradation of the polymeric supports.11–13 The BTESE-derived
membrane prepared onto a polymeric nanoltration
membrane at a ring temperature of 120 �C showed a stable
water ux of 2.3 kg m�2 h�1 and a separation factor of 2500 for
the vapor permeation dehydration of 90 wt% isopropanol–water
mixtures at 105 �C.12 However, it is a paradoxical fact that
a separation factor tends to decrease with decreasing ring
temperature due to the reduced formation of siloxane bonding
via thermal condensation of the silanol groups.14 Therefore,
achieving higher cross-linking at lower temperature is a key
issue for the development of polymer-supported silsesquioxane
membranes.

One option to reduce the membrane fabrication temperature
is to use a photochemical method such as photo-induced sol–
gel processing.15,16 Previously, we proposed photo-induced
cationic polymerization for the fabrication of ceramic-
supported silsesquioxane membranes.17 To obtain a cross-
linked structure at low temperature without ring, we coated
silsesquioxane sols onto porous ceramic supports together with
a photo-acid generator (PAG), and then irradiated the dried gel
with UV light to generate a photo-acid that would induce further
polymerization in the coated layer via acid-catalyzed reactions.17

The obtained membrane showed a high separation factor of 525
and a water ux of 3.12 kg m�2 h�1 during the pervaporation of
90 wt% isopropanol–water mixtures at 40 �C.17 As an extension
of this achievement, in this work, we applied a photo-induced
sol–gel process for fabricating polymer-supported silsesquiox-
ane membranes. The membranes were fabricated by coating
PAG-containing sols directly onto polymeric nanoltration
membranes followed by irradiation with UV light. The effect of
photochemical processing on the pervaporation performance of
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra21161e&domain=pdf&date_stamp=2017-01-18
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra21161e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007012


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 3

:0
0:

26
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the membranes was investigated. To avoid any damage of
polymeric supports caused by UV irradiation, we determined
the optimal light-to-sample distance for photochemical cross-
linking. Furthermore, we examined the effect that plasma-
pretreatment of the supports exerted on the pervaporation
performance.
Experimental
Sol preparation

Ethylene-bridged bis(alkoxides), 1,2-bis(trimethoxysilyl)ethane
(BTMSE) and 1,2-bis(triethoxysilyl)ethane (BTESE), were selected
as precursor alkoxides. Polymeric silsesquioxane sols were
prepared via acid-catalyzed hydrolysis and polycondensation
reactions at 50 �C with water and acetic acid (AcOH) in 2-prop-
anol (IPA). Details of the procedure for sol preparation are
described in a previous report.17 The concentration of the sols
was 1.0 wt%, and the molar ratios of BTMSE : H2O : AcOH and
BTESE : H2O : AcOH for sol preparation were 1 : 3 : 0.3 and
1 : 60 : 0.3, respectively. The reaction times for BTMSE- and
BTESE-derived sols were 1 and 11 h, respectively. Aer cooling
the sols to room temperature, (4-methylphenyl)[4-(2-
methylpropyl)phenyl]-iodonium hexauorophosphate (Irgacure
250, 75% solution in propylene carbonate) was added as a PAG
with a molar ratio of BTMSE, or BTESE, to PAG of 1 : 0.012.
Fig. 1 Schematic diagram of (a) membrane preparation procedure
and (b) photo-induced polymerization reactions.
Membrane preparation

The scheme of the membrane fabrication and the reactions in
the photo-induced polymerization are described in Fig. 1. A
polymeric nanoltration membrane consisting of an ultrathin
sulfonated polyethersulfone (SPES) skin layer on a porous pol-
ysulfone (PSF) layer, NTR 7450, was kindly supplied by Nitto
Denko, Inc., Japan, and was used as a support for the silses-
quioxane membrane preparation. The silsesquioxane sols were
coated onto the polymeric supports using a drop-coating
method. In the coating procedure, 5 ml of sol was poured
onto a support (size: 40 mm � 75 mm) and was allowed to
penetrate into the pores of the support surface. The excess
solution was drained aer 1 min. The supports coated with
silsesquioxane sols were dried at room temperature, and were
nally irradiated with UV light using a metal-halide lamp
(250 W, 250–450 nm) in a quartz cell under a N2 ow. The UV
irradiation times were 15 s and 30 s for BTMSE- and BTESE-
derived membranes, respectively. The distance from the UV-
light source to the samples was set at 200 mm. The UV irradi-
ation conditions described above were decided according to the
results of photo-induced reaction analysis of silsesquioxane
lms and UV tolerance testing of the polymeric supports.

Furthermore, a pretreatment of polymeric supports using
water vapor plasma was applied to enhance the adhesion
between the silsesquioxane layer and the NTR 7450 support. The
plasma pretreatment was conducted in a capacitively coupled
radio frequency plasma reactor (BPD-1H, Samco, Inc., Japan). A
hydrophilic surface was obtained using plasma of a mixture of
H2O vapor and Ar. The ow rates of H2O vapor and Ar were both
10 ml min�1. The pressure and RF power input for generating
This journal is © The Royal Society of Chemistry 2017
plasma discharge were 15 Pa and 10 W, respectively. To avoid
heat damage during the treatment, the temperature of the poly-
meric supports was maintained at 0 �C. The plasma-treated
supports were coated with silsesquioxane sols and irradiated
with UV using the same procedure as with the untreated ones.
Characterization

The morphology of the polymer-supported silsesquioxane
membranes was examined using eld-emission scanning elec-
tronmicroscopy (FE-SEM, S-4800, Hitachi, Japan). The chemical
structure of the membranes was evaluated by Fourier transform
infrared spectroscopy (FTIR, FT/IR-4100, Jasco, Japan).

The progress of the photo-induced reactions was monitored
viameasurement of the pencil hardness and the FTIR spectra of
the silsesquioxane lms. The silsesquioxane sols were coated
onto silicon wafers or KBr plates via spin-coating, and were
irradiated with UV.

The UV tolerance of the polymeric supports was examined in
order to determine the optimal UV irradiation conditions for
membrane preparation without any damage to the polymeric
supports caused by the UV light. The polymeric supports were
irradiated with UV at light–substrate distances of 50, 120, and
200 mm. The FTIR spectra of the supports before and aer UV
irradiation were measured to evaluate the UV tolerance. The
changes in the surface morphology were observed by SEM.
RSC Adv., 2017, 7, 7150–7157 | 7151
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Fig. 3 Pencil hardness of BTMSE-derived films with and without PAG
as a function of the UV irradiation time.
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The contact angles of the supports were measured to study
the effect that plasma pretreatment had on the wettability of the
support surface.

Pervaporation measurement

Pervaporation dehydration performance of the membranes was
evaluated using a typical experimental apparatus, as shown in
Fig. 2. The membrane module had an effective area of 340 mm2

and was placed in a thermostatic chamber at 40 �C. A mixture of
90 wt% IPA and 10 wt% water was circulated through the
permeation module using a peristaltic pump. The composition
of the feed solution was conrmed by gas chromatography (GC-
14B, Shimadzu, Japan) and adjusted to 90 wt% by adding
a small amount of water and/or IPA during the test period. The
permeate side of the membrane was evacuated at low pressure
(<100 Pa), and the permeate vapor was collected with a liquid
nitrogen trap to obtain the permeation ux. The composition of
the permeate was determined by gas chromatography. The
separation factor of the water to IPA, a, was dened as follows.

a ¼ ywater=yIPA
xwater=xIPA

where xwater, xIPA, ywater, and yIPA denote the molar fractions of
water and IPA in the feed and the permeate, respectively. The
permeance of the i-th component, Pi, was obtained using the
following equation.

Pi ¼ Ji/(p1,i � p2,i)

where Ji is the permeation ux of the i-th component, and p1,i
and p2,i are the partial pressures in the feed and permeate
streams, respectively. Partial pressure was obtained using the
Antoine equation for saturated vapor pressure and the Wilson
equation for the correction of activity coefficients. The partial
pressure in the permeate was assumed to be zero.

Results and discussion
Analysis of photo-induced sol–gel reactions

The pencil hardness of the silsesquioxane thin lms prepared
from BTMSE-derived sols with/without PAG was measured aer
Fig. 2 Schematic diagram of the PV equipment.

7152 | RSC Adv., 2017, 7, 7150–7157
exposure to UV light for different irradiation times. The lms
were irradiated using UV light with a distance of the UV-light
source to the sample (light-to-sample distance) of 50 mm. As
shown in Fig. 3, the hardness of the lms with and without PAG
was similar before UV irradiation, showing a pencil hardness of
lower than 6B. The pencil hardness of the lms containing PAG
was immediately increased to 2H aer UV irradiation of 60 s or
more, showing the formation of cross-linked networks, whereas
that of the lms without PAG remained unchanged. This result
indicates that PAG is necessary to initiate the polymerization or
cross-linking in BTMES-derived silsesquioxane thin lms viaUV
irradiation.

The FTIR spectra of silsesquioxane lms were measured
before and aer exposure to UV light and are displayed in Fig. 4.
The lms were prepared using silsesquioxane sols containing
PAG. The light-to-sample distance was xed at 200 mm. The
FTIR spectrum of the BTMSE-derived lm without UV irradia-
tion is shown in Fig. 4a. The strong band at 1100–1000 cm�1

was characteristic of Si–O–Si stretching, conrming the
formation of siloxane bonds. The peaks at 1270 cm�1 were
ascribed to the vibration of methylene groups in the bridging
units.6 A characteristic peak of methoxy groups appears at 1150
cm�1.18 The peak at 2840 cm�1 is also characteristic of methoxy
groups and was ascribed to stretching of the C–H bonds.18 The
broad band at 900 cm�1 was ascribed to Si–O stretching in the
Fig. 4 FTIR spectra of BTMSE-derived films with PAG (a) before and (b)
after UV irradiation for 120 s. The light-to-sample distance was 200
mm.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Cross-sectional images of a SPES/PSF support (a) before and (b)
after UV-irradiation. The distance from the UV-light source to the
sample was 50 mm, and the irradiation time was 20 min.
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silanol groups.19 The broad band at 3300 cm�1, the peaks at
3000–2880 cm�1, and the peaks at 820–750 cm�1 were attrib-
uted to O–H, C–H, and Si–C structures, respectively.6,20 As
shown in Fig. 4b, aer exposure to UV light for 120 s, a decline
in intensity was observed for the peaks characteristic of
methoxy groups at 2840 and 1190 cm�1 aer exposure to UV
light. Simultaneously, the intensity of the silanol groups at 3300
and 900 cm�1 showed a signicant increase aer UV irradia-
tion. This indicates the hydrolysis of the methoxy groups during
the UV irradiation.

The time course changes in the peak areas of methoxy
groups at 2840 cm�1 and silanol groups at 900 cm�1 during UV
irradiation were measured and are shown in Fig. 5. The peak
areas were normalized by the maximum values. The peak areas
of the methoxy groups decreased very fast in the rst 15 s and
approached a steady value, while simultaneously the peak areas
of the silanol groups increased markedly, suggesting that the
photo-acid catalyzed hydrolysis of methoxy groups was
completed within a very short period of UV irradiation.17 Aer
hydrolysis of the methoxy groups, a subsequent condensation
of silanol groups occurred quickly to form the cross-linked
structure, as conrmed by the pencil hardness measurement.
These results indicate that the photo-induced sol–gel process-
ing initiated by the generation of photo-acid can be used to
prepare silsesquioxane thin lms with hard and crosslinked
structures within a very short period of UV irradiation without
elevating the processing temperature.
The stability of SPES/PSF membranes under UV irradiation

In terms of membrane preparation, a higher degree of UV
exposure is preferable because it gives a higher degree of reac-
tion in the silsesquioxane layer. On the other hand, it is also
important to consider the stability of a polymeric support
during exposure to UV irradiation. The effect of UV irradiation
on the morphology of the SPES/PSF nanoltration membrane
was investigated by cross-sectional SEM observation and is
displayed in Fig. 6. The sample before exposure to UV light had
a composite structure, which consisted of a smooth and thin
Fig. 5 Time course change in the peak areas of methoxy groups at
2840 cm�1 and OH groups at 900 cm�1 for BTMSE-derived films with
PAG. The light-to-sample distance was 200 mm.

This journal is © The Royal Society of Chemistry 2017
SPES top layer on the porous PFS support. The sample was then
irradiated with UV light for 20 min at a distance of 50 mm from
the UV-light source. The surface of the sample was obviously
damaged aer the exposure to UV. The surface became rough,
and some visible defects were apparent.

ATR-FTIR spectroscopy was employed to investigate the
change in the chemical structure of the SPES/PSF nanoltration
membrane aer exposure to UV light. The FTIR absorption
spectrum of the sample without UV irradiation is shown in
Fig. 7a. The spectrum agreed well with those previously reported
for SPES and SPES/PFS membranes.21,22 The peaks at 1584 and
1487 cm�1 were ascribed to the C]C stretching vibration of the
aromatic ring. The aryl–O–aryl stretching of the aromatic ether
appeared at 1241 cm�1. The doublet peaks at 1323 and 1295
cm�1 represent the asymmetric stretching of O]S]O and the
peak at 1151 cm�1 represents the symmetric stretching of O]
S]O. The peak at 1503 cm�1 was ascribed to the stretching
mode of the C–C bonds in PSF. The absorption bands of
aromatic SO3 groups are characteristic of the topmost SPES
layer, but these could not be identied due to extremely thin
SPES layer thickness. Fig. 7b shows the spectrum of the sample
aer UV irradiation for 5 min at a distance of 50 mm from the
UV-light source. Aer exposure to UV light, the absorption
peaks, which did not exist in the unirradiated one, appeared at
3200 and 1720 cm�1. The peak at 3200 cm�1 was ascribed to the
stretching vibration of hydroxyl groups. The peak at 1720 cm�1

was assigned to the carbonyl groups. The formation of hydroxyl
and carbonyl groups was attributed to the UV light-induced
Fig. 7 ATR-FTIR spectra of the SPES/PSF support (a) before and (b)
after UV-irradiation. The distance from the UV-light source to the
sample was 50 mm, and the irradiation time was 20 min.

RSC Adv., 2017, 7, 7150–7157 | 7153
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Fig. 9 Cross-sectional images of the SPES/PSF support (a) before and
(b) after UV-irradiation. The light-to-sample distance and the irradia-
tion time were 200 mm and 30 s, respectively.
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degradation of SPES and/or PSF layer via cleavage of the C–S and
C–O bonds.23

The ratio of the FTIR absorbance areas of the carbonyl
groups at 1720 cm�1 to the C]C stretching of the aromatic ring
at 1584 cm�1 was plotted as a function of the UV irradiation
time in Fig. 8 to determine how the degradation of the
membrane had advanced. The absorbance areas for the
carbonyl groups and the C]C stretching of the aromatic ring
represent the amount of degradation products and the original
structure of the SPES/PSF membrane at the surface, respec-
tively. Therefore, the area ratio of these two peaks corresponded
to the degree of UV light-induced degradation at the surface of
the membrane. The light-to-sample distance ranged from 50 to
200 mm. The peak area ratio tended to increase linearly with
increases in the irradiation time in all cases. The peak area ratio
of the sample exposed to UV at a light-to-sample distance of 50
mm was increased immediately aer UV irradiation, which
indicated a rapid degradation of the SPES and PSF structures.
On the other hand, at a longer light-to-sample distance, the
absorption peaks of the product of UV light-induced degrada-
tion could not be identied at the initial stage, because the UV
light intensity was decreased with distance from the light
source to the samples. The peak area ratios of the samples
exposed to UV at light-to-sample distances of 120 and 200 mm
started to increase aer a lag period of 30 and 60 s, respectively.
The cross-sectional SEM images of the SPES/PSF support before
and aer UV irradiation for 30 s with a light-to-sample distance
of 200 mm suggested no obvious structural change, as shown in
Fig. 9, indicating no degradation in this case.

Pervaporation performance of polymer-supported
silsesquioxane membranes

Silsesquioxane membranes were prepared onto SPES/PSF
supports via UV-induced polymerization. To prevent damage
to the SPES/PSF supports during UV irradiation, the light-to-
sample distance for the preparation of BTMSE-derived
membranes was set at 200 mm, and the UV irradiation time
was limited to 15 s. Fig. 10 shows the time course for water
permeance and the separation factor for a polymer-supported
BTMSE-derived membrane and SPES/PSF support for the per-
vaporation of a 90 wt% IPA/water mixture at 40 �C. The BTMSE-
Fig. 8 The absorbance peak area ratio of the carbonyl groups at 1750
cm�1 to the aromatic C–H in-plane bend at 1100 cm�1 as a function of
irradiation time with different light-to-sample distances.

7154 | RSC Adv., 2017, 7, 7150–7157
derived membrane showed a water permeance of 2.9 �
10�6 mol m�2 s�1 Pa�1, which was similar to that of 2.4 �
10�6 mol m�2 s�1 Pa�1 for the SPES/PSF support. The separa-
tion factor was 6.6, which was only slightly higher than the
separation factor of 2.3 for the SPES/PSF support. In our
previous work, the ceramic-supported BTMSE-derived
membrane prepared with the same photo-induced sol–gel
process showed a separation factor of several hundreds.17

Therefore, if the BTMSE-derived layer was formed properly, the
polymer-supported BTMSE-derived membrane should have had
a similar separation performance.

To conrm the formation of a BTMSE-derived silsesquioxane
layer on the SPES/PSF support, the ATR-FTIR spectra were
measured for the membrane before and aer pervaporation
measurement, as shown in Fig. 11. For the membrane before
pervaporation measurement, an absorbance band correspond-
ing to the stretching vibration of Si–O–Si was observed at 1000–
1100 cm�1, together with the peaks that originated from the
SPES/PSF support, which indicated that the BTMSE-derived
layer had been formed on the SPES surface. However, aer
pervaporation measurement, the band corresponding to Si–O–
Si disappeared. This indicated that the BTMSE-derived layer
had been peeled off from the SPES surface during the perva-
poration measurement. This result strongly suggested that the
adhesion between the BTMSE-derived layer and the SPES
support was very low. The adhesion of ceramic coatings onto
Fig. 10 Time course of H2O permeance and the separation factor of
a BTMSE-derived photo-induced sol–gel polymer-supported
membrane and a SPES/PSF support.

This journal is © The Royal Society of Chemistry 2017
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Fig. 11 FTIR spectra of a BTMSE-derived photo-induced sol–gel
polymer-supported membrane before and after PV operation.

Fig. 13 Cross-sectional image of the BTMSE-derived silsesquioxane
membrane prepared on the plasma-pretreated SPES/PSF support. The
light-to-sample distance and the irradiation time were 200 mm and
15 s, respectively.
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a polymer substrate, in general, is given by chemical bonds
formed through the surface condensation reactions and/or the
development of an interlocked structure at the interface
through the diffusion of sol particles into the substrate pores.24

However, in photo-induced sol–gel processing, crosslinking
within the pores to form an interlocked structure is difficult
because the UV light intensity decreases rapidly with depth
from the surface, even though sol solutions might have diffused
into the substrate pores and formed a gel. Therefore, to enhance
the adhesion, the formation of chemical bonds between the
coated layer and the surface of the support is important.
Chemical bonds at the interface can form via the condensation
reaction between the BEMSE-derived gel layer and the SPES
surface. However, it is difficult to form such chemical bonds
because there is no reaction site such as OH groups on the
surface of the original structure of the SPES.

To overcome this adhesion problem, we employed a water-
vapor-plasma pretreatment for the NTR support. Water-vapor
plasma can form OH groups on the surface of the substrate,
that can subsequently react with the OH-groups of the silses-
quioxane layer to form a chemically bonded adhesive inter-
face.25 We previously reported a plasma-assisted multi-layer
coating for the preparation of silsesquioxane membranes onto
Fig. 12 Contact angle of the SPES/PSF support treated with water-
vapor plasma.

This journal is © The Royal Society of Chemistry 2017
the hydrophobic nanoporous intermediate layers, and reported
that the gas selectivity of the membranes can be improved by
better adhesion between each layer.26 Fig. 12 shows the contact
angle of the SPES surface as a function of water-vapor-plasma
treatment time. Aer treatment with the water-vapor plasma,
the contact angle decreased from 30� to 9�. The decreased
contact angle indicates that the surface of SPES was hydro-
philized by reacting with excited water molecules and hydroxyl
radicals to form a hydroxylated surface. The contact angle was
constant even when the treatment time was extended, sug-
gesting that the surface of the SPES was immediately modied
by the water-vapor plasma.

Aer pretreatment with water-vapor-plasma, a BTMSE-derived
layer was formed on the plasma-pretreated support. Fig. 13
shows the cross-sectional SEM images of the BTMES-derived
membrane prepared onto the plasma-pretreated support with
the light-to-sample distance of 200 mm and the UV irradiation
time of 15 s. The BTMES-derived silsesquioxane layer with
a thickness of approximately 200 nm was formed on the SPES/PSF
support. Fig. 14 shows the pervaporation performance of BTMSE-
derived membranes prepared onto a support with and without
water-vapor plasma pretreatment. The membrane formed onto
the pretreated support showed a separation factor of 99, whichwas
Fig. 14 Time course of H2O permeance and separation factor of
BTMSE-derived photo-induced sol–gel polymer-supported
membranes prepared onto supports with and without water-vapor
plasma pretreatment.
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Table 1 The pervaporation performance of polymer-supported silsesquioxane membranes prepared via photo-induced sol–gel processing

Membrane Precursor Pretreatment
H2O permeance
[10�6 mol m�2 s�1 Pa�1]

Separation
factor [—]

SPES/PSF — — 2.3 2.3
BTMSE/SPES BTMSE — 2.9 6.6
BTMSE/plasma–SPES BTMSE Water-vapor-plasma 3.0 99
BTESE/plasma–SPES BTESE Water-vapor-plasma 2.6 46
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signicantly higher compared with that of the membrane formed
onto an untreated support. It should be also noted that the
membrane showed a stable performance during the pervaporation
measurement. This result clearly demonstrated the effectiveness
of water-vapor-plasma pretreatment in enhancing the adhesion
between the silsesquioxane layer and the SPES skin layer.

We also prepared polymer-supported silsesquioxane
membranes with BTESE as a silicon precursor by following the
same procedure used for the preparation of BTMSE-derived
membranes. The light-to-sample distance and the UV irradia-
tion time for the preparation of BTESE-derived membranes were
set at 200 mm and 30 s, respectively. The required UV irradiation
time was longer than that for BTMSE-derived membranes due to
the lower reactivity of ethoxy groups compared with methoxy
groups (ESI-1†). As presented in Table 1, the polymer-supported
silsesquioxane membranes with permselectivity in pervapora-
tion can also be prepared by using different precursors via photo-
induced sol–gel processing.

The trade-offs between H2O permeance and the separation
factor in the pervaporation of the 90 wt% IPA/water mixture
for photo-induced sol–gel-derived C2H4-bridged silsesquioxane
Fig. 15 Trade-offs of H2O permeance and the separation factor for
photo-induced sol–gel-derived C2H4-bridged silsesquioxane
membranes.

7156 | RSC Adv., 2017, 7, 7150–7157
membranes are displayed in Fig. 15. The membrane formed onto
a support with a water-vapor-plasma pretreatment exhibited
a higher separation factor compared with those formed onto an
untreated support, indicating that pretreatment is a useful
strategy for the formation of silsesquioxane membranes on poly-
meric supports. Photo-induced sol–gel-derived polymer-supported
membranes showed only moderate selectivity compared with
ceramic-supported photo-induced sol–gel-derived membranes15

probably due to the difference in the UV irradiation time in
membrane preparation. Total UV irradiation time for the prepa-
ration of a ceramic-supported membrane was 12 min, while that
for the polymer-supported membrane was limited to 15 s in order
to minimize the damage of a polymeric support. Therefore, the
silsesquioxane networks formed on the polymeric supports
might have had a looser structure than that of the network
structure formed on the ceramic supports. It is noteworthy
that, although the separation factor was improved by the silses-
quioxane layer formation, the water permeance was unchanged
compared with that for SPES/PSF supports. It is surprising that
a selective top layer with no or a quite small resistance was ob-
tained. The high level of H2O permeance separation factor can be
ascribed to the hydrophilic nature of the photo-induced sol–gel-
derived silsesquioxane layers, which has a large number of OH-
groups. Although further studies will be needed to promote the
separation performance of polymer-supported silsesquioxane
membranes prepared via photo induced sol–gel processing, we
have successfully demonstrated here a novel strategy for preparing
ceramic membranes such as silsesquioxane membranes at low-
temperature within extremely sort processing time onto poly-
meric supports via photo-induced sol–gel processing.
Conclusions

Photo-induced sol–gel processing was applied for the prepara-
tion of novel polymer-supported silsesquioxane membranes. An
organically bridged silsesquioxane thin layer was formed onto
a polymeric SPES/PSF composite nanoltration membrane by
coating a silsesquioxane sol with a photo-acid generator fol-
lowed by UV irradiation at room temperature. The hydrolysis
of alkoxy groups in the lms catalyzed by UV-generated acids
and the subsequent condensation of silanols resulted in the
formation of siloxane networks. To avoid photodegradation
of the polymeric support surface, the effects of UV-irradiation
time and light-to sample distance on the polymeric supports
were investigated via FTIR and SEM. The adhesion of the sil-
sesquioxane layer to the polymeric support was low when the
This journal is © The Royal Society of Chemistry 2017
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support surface was hydrophobic, but it was improved when the
support surface was pretreated by water-vapor plasma. The
plasma pretreatment was effective for the preparation of
a stable silsesquioxane layer that withstood the pervaporation
test. The separation properties were investigated by pervapora-
tion of a 90 wt% IPA/water mixture at 40 �C. The polymer-
supported silsesquioxane membrane derived from 1,2-bis(-
trimethoxysilyl)ethane displayed a water ux of 3.0 � 10�6 mol
m�2 s�1 Pa�1 and a separation factor of 99.
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