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Abstract

To effectively suppress the swelling of poly(vinyl alcohol) (PVA) membrane, polymer—inorganic nanocomposite membranes composed of
PVA and y-mercaptopropyltrimethoxysilane (MPTMS) were prepared by in situ sol—gel technique for pervaporative separation of water—
ethylene glycol (EG) mixtures. Effects of the types of catalyst for sol—gel process and MPTMS content on the physical and chemical structure
of PVA—silica nanocomposite membranes (designated as PVA—MPTMS hereafter) were investigated by >°Si NMR, FTIR, SEM, XRD and
TGA—DTA. Due to the formation of more compact crosslinked structure, nanocomposite membranes exhibited enhanced thermal stability. It
was found that when 50 wt% of MPTMS was incorporated into PVA, the nanocomposite membranes possessed optimum pervaporation perfor-
mance for 80 wt% EG aqueous solution at 70 °C. Unexpectedly, there was no improvement in the pervaporation performance of PVA—MPTMS
nanocomposite membranes after mercapto group was oxidized into sulfonic group.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer—inorganic nanocomposite materials are promising
systems for many applications due to their extraordinary prop-
erties arising from the synergism between the properties of
these two different building blocks [1,2]. Some studies have
revealed that introducing inorganic component derived from
Si-containing precursor into an organic polymer can form a ho-
mogeneous nanocomposite membrane with enhanced physico-
chemical stability and separation performance [3—9]. In our
previous study, we have prepared PVA—silica nanocomposite
membranes by the in situ sol—gel reaction of y-glycidyl-
oxypropyltrimethoxysilane (GPTMS) and tetracthoxysilane
(TEOS) within poly(vinyl alcohol), the formed silica particles
and crosslinking network between silica particle and PVA
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effectively suppressed the swelling of PVA and exhibited
desirable stability in EG aqueous solution, as well as high
diffusion selectivity for water [10]. However, the increased
hydrophobicity due to the depletion of hydrophilic hydroxyl
groups, led to these nanocomposite membranes exhibiting
lower sorption selectivity for water. Hence, in order to obtain
high selectivity and permeability for water, sufficient amount
of polar groups should be present in the hybrid membrane ma-
trix. It is well known that silane-coupling agents ((R"),—Si—
(OR)4_,) are usually utilized directly as inorganic precursors
for sol—gel process [9,11,12]. During sol—gel process, alkoxy
groups (R) hydrolyze in the presence of water, and then form
the crosslinking network between the formed inorganic silica
particles and organic polymer through condensation reactions.
In addition, the organic group R’ containing hydrophilic and
hydrophobic functional groups, such as —NHj, o, H,C=
CH—, —SH group etc., endows the nanocomposite membrane
with different properties. In this work, we choose mercapto
group containing precursor 3-mercaptopropyltrimethoxysilane
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(MPTMS) as silica source due to the following considerations:
the inherent hydrophilicity of —SH group, the facile conver-
sion of —SH group into more hydrophilic sulfonic acid group
[13—16].

In this study, silica particles were incorporated into PVA
matrix to prepare PVA—silica nanocomposite membrane by
in situ sol—gel reaction of MPTMS within PVA. The effects
of sol—gel catalyst type and MPTMS content on the structure
of PVA—MPTMS nanocomposite membranes and pervapora-
tion performance for EG aqueous solution were investigated.

2. Experimental sections
2.1. Materials and membrane preparation

Poly(vinyl alcohol) (PVA) (the degree of polymerization
and saponification were 1750 +50 and 99%, respectively),
ethylene glycol, hydrochloric acid, aqueous ammonia and hy-
drogen peroxide were purchased from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). y-Mercaptopro-
pyltrimethoxysilane (MPTMS) was purchased from Beijing
Shenda Fine Chemical Co. Ltd. (Beijing, China). All the
chemicals were of analytical grade and used without further
purification. Double distilled water was used throughout the
study.

PVA was dissolved in double distilled water at 90 °C for 1 h
to obtain 7 wt% PVA homogeneous solution. The hot solution
was filtered, a certain amount of MPTMS and 1 M HCI or
NH,OH were then added into the filtrate and the mixture
was stirred for 12 h at room temperature. The PVA solutions
with different MPTMS contents were cast onto an organic
glass plate with the aid of a casting knife, dried at room tem-
perature for 2—3 days, and then the completely dried mem-
branes were subsequently peeled off and annealed at 80 °C
for 2 h, then at 150 °C for 8 h. The average thickness of mem-
branes was 45 £ 5 pum, measured by micrometer. The resulting
PVA control membrane and PVA—silica nanocomposite mem-
branes were designated as PVA and PVA—MPTMSx, where x
was 10, 25, 50 and 67 wt%, which indicated the weight per-
centage of MPTMS in the initial PVA/MPTMS composition.

Oxidation treatment of PVA—MPTMS nanocomposite
membranes: the annealed PVA—MPTMS nanocomposite
membranes were oxidized by 5 wt% hydrogen peroxide in
an acetone solution at 40 °C for 10 h. Then, the resulting
membranes were thoroughly washed with double distilled
water.

2.2. Membrane characterization

FTIR spectra were recorded on a Nicolet, SDX instrument
equipped with both horizontal attenuated total reflectance
(HATR) accessories. Thirty-two scans were accumulated
with a resolution of 4 cm™' for each spectrum. Solid-state
NMR spectra were recorded on an Infinity Plus-300 MHz
spectrometer. Solid samples were spun at 3 kHz. The morphol-
ogy of nanocomposite membranes was examined by Philips
XL-30 M scanning electron microscope (SEM) instrument.

Structures of PVA and PVA—MPTMS nanocomposite mem-
branes were studied using PAN Analytical X-ray diffracto-
meter in the range of 5—50° at the speed of 8°/min (Co Ka
40 kV/200 mA). The degradation process and the thermal
stability of the samples were investigated using thermogravi-
metric analysis (TGA) (Perkin—Elmer TG/DTA thermogravi-
metric). TGA was conducted under a continuous flow of
nitrogen using a heating rate of 10°C/min from 50 to
800 °C. X-ray photoelectron spectra (XPS) were acquired
with a PHI-1600 (PE USA) spectrometer equipped with an
Mg Ka (hy = 1486.6 eV) as radiation source. Survey spectra
were collected over a range of 0—1100 eV and high-resolution
spectra of C 1Is, O 1s, Si 1s and S 2p were also collected. The
take-off angle of the photoelectron was set at 90°. Contact
angles were measured at 20 °C by using contact angle goniom-
eter (JC2000C, Powereach Co., Shanghai, China). Each mea-
surement was repeated three times and then averaged for the
final results. The errors were within +5%.

2.3. Pervaporation experiments

Pervaporation experiments were performed on the mem-
brane module (CM-Celfa AG Company, Switzerland). The
effective membrane area was 25.6 cm®. The vacuum in the
downstream side was maintained (6 Torr) using a vacuum
pump. The permeate was collected in liquid nitrogen-cold
traps. The compositions of the feed and permeate were mea-
sured using Agilent 6890 gas chromatography equipped with
a TCD detector and a column packed with GDX102 (Tianjin
Chemical Reagent Co., China). The pervaporation perfor-
mance of the nanocomposite membranes is evaluated by two
parameters, flux J, which is defined as J = Q/AA¢, and separa-
tion factor «, which is defined as «= (yw/yeg)/(*w/XgG),
where Q is the mass of permeate sample collected in time
At, A is the effective membrane area, and x and y represent
the weight fractions of water (W) and ethylene glycol (EG)
in the feed and permeate, respectively.

3. Results and discussion
3.1. Characterization of nanocomposite membranes

3.1.1. The effect of acidic and basic catalysts on the
morphological structure of PVA—MPTMS
nanocomposite membranes

The structure of mercaptopropyl—silica in PVA matrix that
resulted from hydrolysis and condensation of MPTMS using
acidic or basic catalyst can be clearly analyzed through 2°Si
solid-state NMR experiments. The 2°Si NMR chemical shift
of MPTMS approximately appears at —48 ppm (T, RSi
(OSi)(0X),, (X =H or CH3)), —58 ppm (T,, RSi(0Si),(0X)),
and —68 ppm (T, RSi(OSi);) [17]. It can be seen from Fig. 1
that there exist two peaks T, and T3 based on the condensation
mechanism of MPTMS. The area under the T, and Tj peaks is
proportional to the population of linear and cyclic methylpoly-
siloxane structures, respectively. Therefore, the ratio of peak
intensity of T3 to T, (T5:T,) can reflect the relative strength
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Fig. 1. ?°Si NMR spectra and SEM cross-section of PVA—MPTMS50 nanocomposite membrane prepared using acidic (a, ¢) and basic (b, d) catalysts.

of cyclic silica structure in PVA—MPTMS nanocomposite
membranes. Obviously, the relative ratio of peak intensity to
signal in basic media (5.56) is much larger than that in acidic
media (1.92). Generally, differences in hydrolysis rate will in-
fluence the relative number of monomers having one, two or
three silanol groups. In turn, these relative abundances will af-
fect the condensation rate and the ultimate degree of conden-
sation achieved. Hence, it can be deduced that the hydrolysis
of alkoxylsilanes of MPTMS is much more complete under
basic condition, which strengthens the crosslinking between
PVA and silica by dehydration and dealcoholysis reactions,
while more hydrolyzates exist in the form of T, type under
acidic condition, which usually does not form inorganic silica
particles but rather a linear, weakly crosslinked nanocomposite
structure [18—20]. In addition, the morphology can be seen
from the cross-section images of SEM in Fig. 1c and d. Under
basic media, spherical silica nanoparticles were homoge-
neously distributed within PVA matrix, while under acidic me-
dia, linear and lightly branched silica particles were unevenly
distributed. The different structures and distributions of silica
particles in the nanocomposite membranes will correspond-
ingly lead to different pervaporation performances.

3.1.2. Effect of MPTMS content on the structure of PVA—
MPTMS nanocomposite membranes

It is well known that the reinforcing capacity of inorganic
particles in nanocomposite membranes depends on the content
of the inorganic particles in the polymer matrix. Consequently,
the effects of MPTMS content on the chemical and physical

structure of PVA—MPTMS nanocomposite membranes in
the basic media are investigated herein.

Fig. 2 shows the FTIR spectra of PVA membrane and
PVA—MPTMS nanocomposite membranes in the range of
4000—2500 cm ™" and 1700—750 cm ™. The absorption peak
at 1000—1100 cm ™" is assigned to the stretching vibration of
C—0 and C—0O—C groups in PVA. An increase in the absor-
bance of the peak at 1000—1100cm™' of PVA—MPTMS
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Fig. 2. FTIR spectra of control PVA membrane and PVA—MPTMS nano-
composite membranes prepared under basic condition.
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nanocomposite membranes is attributed to the formation of
Si—0—C (1045cm™') and Si—O—Si (1095cm ') bonds
[21]. The Si—O—Si group is the result of condensation reac-
tion between hydrolyzed silanol Si—OH groups and the Si—
O—C groups may be originated from the condensation
reaction between Si—OH groups from hydrolyzed MPTMS
and C—OH groups from PVA. Hence, the presence of Si—
O—C and Si—0O—Si bonds confirmed the existence of covalent
linkage between the organic groups and the silica, which led to
better compatibility and crosslinking network between organic
and inorganic components.

The morphology of nanocomposite membranes with differ-
ent MPTMS content was studied by SEM images and is
presented in Fig. 3. It can be observed that when MPTMS
content is 50 wt%, the homogeneous distribution of silica par-
ticles at a nanoscale level (average size: 200 nm) is achieved in
PVA matrix. However, when MPTMS content is more than
50 wt%, the silica particles tend to aggregate, and inhomoge-
neous, bigger silica particles appear in PVA matrix. In addi-
tion, the effect of formed silica particles on the crystallinity
of PVA was investigated by WAXD with a Co Ka source
and is shown in Fig. 4. The control PVA membrane and the
nanocomposite membranes exhibit a typical peak at 23.0°,
which shows its semi-crystalline nature. However, the nano-
composite membrane peaks show lower strength compared
to that of control PVA membrane. Furthermore, the peak inten-
sity decreases with increasing MPTMS content. These results
imply that the interaction between the silica particles and PVA
substantially destroys the formation of crystalline regions.

PVA MPTMS10

3000
2500 ~
PVA

2000 ~
> PVA-MPTMS10
i)
S 1500 4
= PVA-MPTMS25

PVA-MPTMS50

Fig. 4. X-ray diffraction patterns of control PVA membrane and PVA—
MPTMS nanocomposite membranes prepared under basic condition.

3.1.3. Thermal stability of PVA—MPTMS nanocomposite
membranes with different MPTMS content

The thermal stability of PVA—MPTMS nanocomposite
membranes was investigated by TGA—DTA measurements
and is shown in Fig. 5a and b. Two main degradation steps
can be clearly observed from the DTG curves (Fig. 5b). The
first decomposition temperatures of pure PVA, due to the elim-
ination of side-groups at lower temperature, occurred at 200—
325 °C, followed by a less evident one between 400 and
500 °C corresponding to the decomposition of main chain of
PVA. Comparatively, the first decomposition temperatures

Fig. 3. SEM surface images of PVA—MPTMS nanocomposite membranes prepared under basic condition.
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Fig. 5. TGA (a) and DTA (b) measurements of control PVA membrane and PVA—MPTMS nanocomposite membranes prepared under basic condition.

and residual weight of PVA—MPTMS nanocomposite mem-
branes (Fig. 5a) become higher than those of control PVA
membrane with increasing MPTMS content. These results
suggest that the introduction of silica into the PVA chains en-
hances the thermal stability of the given nanocomposite mate-
rials, which may be attributed to the high thermal stability of
silica and the nature of crosslinking network between the silica
phase and PVA bulk [22].

3.2. Pervaporative performance of PVA—MPTMS
nanocomposite membranes

3.2.1. The pervaporation performance of PVA—MPTMS50
nanocomposite membrane prepared using basic and
acidic catalysts

PVA—MPTMS nanocomposite membranes prepared using
acidic and basic catalysts possess different structural character-
istics and exhibit different pervaporation performances. As to
water—EG (80 wt% EG) mixtures at 70 °C and 100 L/h feed
flow rate, permeation flux and separation factor of PVA—
MPTMS50 nanocomposite membrane prepared under basic
condition are 67 gm ™~ >h ™" and 311, respectively, while the cor-
responding values of PVA—MPTMS50 nanocomposite mem-
brane prepared under acidic condition are 84 gm *h~' and
44. The reason is that in an acidic catalyst system, hydrolysis
of the alkoxylsilanes is not complete and the subsequent conden-
sation reaction leads to weak crosslinking of PVA—MPTMS
nanocomposite membrane. However, in a basic catalyst system,
the well-dispersed silica nanoparticles and the well-established
three-dimensional crosslinking network effectively inhibit the
swelling of PVA in EG aqueous solution and enhance the sepa-
ration factor for water. It should be mentioned here that the
membranes used in the following sections are all PVA—MPTMS
nanocomposite membranes prepared under basic conditions.

3.2.2. The effect of MPTMS content on pervaporation

performance of PVA—MPTMS nanocomposite membranes
The changes of the MPTMS content in nanocomposite

membranes with respect to their permeation flux and

separation factor for EG aqueous solution during pervapora-
tion are illustrated in Fig. 6. These results suggest that
PVA—MPTMS nanocomposite membranes are water selective.
It is noticed that the permeation flux decreases with increasing
MPTMS content up to 50 wt% in the matrix, and then in-
creases when MPTMS content increases beyond 50 wt%.
The change of separation factor is just reverse, and shows
a maximum value at MPTMS content of 50 wt%. The reason
is that when 50 wt% MPTMS is introduced into PVA bulk, the
given size of silica particles and homogeneous distribution
make the silica particles maximize the possible attachment
points with the polymer, that is, the crosslinking density of
the silica particles and PVA chains can be effectively in-
creased. Hence, higher separation factor and lower permeation
flux are obtained. However, when the MPTMS content in-
creases up to 67 wt%, the silica particle tends to form aggre-
gates, which weakens the crosslinking between the PVA and
silica particles. This change leads to the decrease of separation
factor and the increase of permeation flux of the nanocompo-
site membrane.
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Fig. 6. Effect of MPTMS content on the pervaporation performance of PVA—
MPTMS nanocomposite membranes prepared under basic condition for
80 wt% EG aqueous solution in the feed at 70 °C.
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Fig. 7. XPS spectra in the S 2p core level region of PVA—MPTMSS50 nano-
composite membranes (prepared under basic condition) oxidized at 40 °C
for different times.
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3.2.3. The effect of oxidation on pervaporation performance
of PVA—MPTMS nanocomposite membranes

To enhance the hydrophilicity of the nanocomposite mem-
branes, oxidation of —SH into the corresponding sulfonic
group was conducted in acetone solution contains 5 wt%
H,0O, at 40 °C for different times. XPS measurement was
used to evaluate the oxidation degree of mercapto groups to
sulfonic groups. Fig. 7 shows two types of sulfur species:
one at lower BE (163.63 eV), corresponding to an —SH group,
and the other at higher BE (168.13 eV), associated with sul-
fonic —SOzH group [23]. The ratio of intensity at 168.13 eV
to 163.63 eV is employed to evaluate the oxidation degree of
mercapto group to —SOz;H group. The oxidation degree of
mercapto group increases with increase of oxidation time as
shown in Table 1. But substantially lower sulfur contents
than unoxidized sample are found from the continuous de-
crease of the ratio of Si to S. This decrease suggests that
long-term oxidation leads to substantial loss of S element
from the surface of nanocomposite membrane, which may

Table 1
Atomic percent and binding energy (eV) of S 2p level of PVA—MPTMS50 nanocomposite membranes oxidized in 5 wt% H,0, at 40 °C for different times
Oxidation time (h) C at% O at% Si at% S at% Si/S S2p
163 eV (%) 168 eV (%)
0 67.7 18.7 8.5 4.8 1.77 100.0 0
3 71.1 18.7 6.6 23 2.87 54.1 459
6 69.3 21 59 2.0 2.85 413 58.7
10 70.4 21.7 5.3 1.6 3.31 19.8 78.2

Table 2

Contact angle of control PVA membrane, unoxidized and oxidized PVA—MPTMS nanocomposite membranes prepared under basic conditions (20 °C)

Contact angle (°) PVA PVA—MPTMS10 PVA—MPTMS25 PVA—MPTMS50 PVA—MPTMS67
Without oxidation 58.58 49.80 48.44 46.91 43.43
Oxidation — 46.91 44.48 43.27 41.17
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Fig. 8. The comparison of pervaporation performance between the unoxidized PVA—MPTMS nanocomposite membranes and oxidized PVA—MPTMS nano-

composite membranes prepared under basic condition.
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be due to the lower thermal stability of sulfonic groups [24].
In order to confirm whether the hydrophilicity of nanocompo-
site membrane is enhanced by —SH oxidation method, the
static contact angles for methylene iodide on the surfaces of
PVA—MPTMS and oxidized PVA—MPTMS (oxidized for
10 h) nanocomposite membranes were measured as shown in
Table 2. It can be clearly seen that the hydrophilicity of un-
oxidized nanocomposite membrane is significantly lower
than that of control PVA membrane while all the oxidized
PVA—MPTMS nanocomposite membranes become more
hydrophobic.

The pervaporation performance of oxidized PVA—MPTMS
nanocomposite membranes for dehydration from 80 wt% EG
aqueous solution is observed from Fig. 8. The separation fac-
tor of all oxidized nanocomposite membranes is less than that
of unoxidized membranes (Fig. 8a), and little change on the
permeation flux is also found (Fig. 8b). The reason is that an
increase of hydrophobicity reduces the membrane selectivity
for water and increases the permeation of EG through the
membranes.

4. Conclusions

PVA—silica nanocomposite membranes were prepared un-
der acid- and base-catalyzed sol—gel reaction of MPTMS
within PVA matrix. It was found that spherical, nanoscale sil-
ica particles were generated and homogeneously distributed in
PVA matrix under basic condition. The covalent bond and
hydrogen bond between the silica particles and PVA chains
increased their compatibility and crosslinking. In addition,
the incorporation of silica particles into PVA caused desirable
changes in the morphology and crystalline structure of the
films, and significantly enhanced the thermal stability and
stability of the membranes in EG aqueous solution. When
50 wt% MPTMS was introduced into PVA bulk under basic
conditions, the resulting nanocomposite membrane showed
desirable separation factor of 311 with a permeation flux of
67 gm >h~! for dehydration from 80 wt% EG aqueous solu-
tion at 70 °C. However, there was no improvement in the
pervaporation performance of PVA—MPTMS nanocomposite
membranes after mercapto group was oxidized into sulfonic

group.
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