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ABSTRACT: Organic-inorganic hybrid membranes based on poly(vinyl alcohol)-SiO2 were prepared
under acidic and basic conditions, in which sulfonic acid groups were introduced at the inorganic segment.
These membranes were extensively characterized for their morphology, intermolecular interactions,
thermal and mechanical stability, and physicochemical properties using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Fourier transform infrared (FTIR), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and water
uptake studies. Schematic models for acid-catalyzed linear weakly polymeric clusters and for base-
catalyzed highly branched polymeric clusters were proposed. A higher ion-exchange capacity, perm-
selectivity, and conductivity for the acid-catalyzed hybrid membranes than for the base-catalyzed
membranes with the same composition indicated that the former route is suitable for the preparation of
ion-exchange membranes. The electrochemical properties of the membrane and the equivalent pore radius
were found to be highly dependent on Si content in the membrane phase. It was concluded that a definite
compromise between the silica content and the membrane ion-exchange properties is required in order
to have an organic-inorganic hybrid cation-exchange membrane. Furthermore, the physicochemical and
electrochemical properties of these membranes were comparable to those of Nafion membrane, which
suggests that they may be suitable for fuel cell and chlor-alkali applications as a substitute for Nafion
membrane.

Introduction
The nanostructured organic-inorganic hybrid mate-

rials are currently the objects of intensive research,
because they combine in a single solid both the attrac-
tive properties of a mechanically and thermally stable
inorganic backbone and the specific chemical reactivity
and flexibility of the organo-functional group. These
combined properties of the hybrid nanostructured ma-
terials with diverse applications attract great attention
in the fields of material science,1-4 heterogeneous
catalysis,5,6 separation science, and fuel cells.7-10 Most
of the properties of these new materials are dependent
on their structural and chemical composition as well as
on the dynamic properties inside the hybrid. To develop
functionalized materials/membranes, several investiga-
tors worked on the organic-inorganic hybrid materials,
in which functional groups were covalently attached to
the organic part of the hybrid11-13 (such as sulfonated
polysulfones, sulfonated polyetherketones, and polyben-
zeneimidazole). The problem with the hybrid material
is that if the organic chains in these hybrids bear
functional groups such as sulfonic or sulfonamide,
usually they are soluble in water.14 To decrease solubil-
ity and increase plasticity and mechanical strength, in
most cases, the hybrids were cross-linked. However,
very little work has been done for the applications of
these materials as ion-exchange membranes, in which
a functional group is attached to the inorganic part of
the hybrid materials. Another choice is to disperse
hybrid ion-exchangers into inorganic substrates to form
supported membranes.

Several reports15-17 are available on thio-functional-
ized materials, which were obtained either by grafting
mercaptopropyl groups or by co-condensation of mer-
captopropyltrimethoxysilane and a tetraalkoxysilane

precursor for the preparation of the mesoporous materi-
als. This mercaptopropyl group was covalently bonded
with the silica framework and can be oxidized into the
sulfonic acid group. However, no effort has been made
to prepare organic-inorganic hybrid ion-exchange mem-
branes using this approach. It is expected that ion-
exchange membranes based on this hybrid mesoporous
material may exhibit excellent thermal, mechanical, and
electrochemical properties, which will arise due to the
inherent properties of both components.

The main applications of poly(vinyl alcohol) (PVA)
membranes are in pervaporation,18,19 but the swelling
of PVA membranes in aqueous media is a serious
problem.20,21 PVA-inorganic composites attracted our
attention because such hybrids may show excellent
dimensional, thermal, and mechanical stability, control-
lable physical properties, as well as good hydrophilic and
electrochemical properties, which is essential for an ion-
exchange membrane. In this paper, to control the
swelling of PVA membranes and to achieve good stabil-
ity, PVA-SiO2 hybrid membranes were prepared using
mercaptopropylmethyldimethoxysilane (MPDMS) and
tetraethyl orthosilicate (TEOS) precursors by the sol-
gel method in both acidic and basic media. The -SH
group of MPDMS was oxidized to a -SO3H group by
H2O2, to introduce a functional group in the membrane
matrix. Membranes prepared by acid-catalyzed hydroly-
sis exhibited a high ion-exchange capacity, conductivity,
and permselectivity in comparison with those prepared
by base-catalyzed hydrolysis with the same composition
because of the linear polymeric clusters and low cross-
linking in the previous case. Furthermore, the mem-
brane properties were found to depend on the silica
content in the membrane phase.

Experimental Section

Materials. Poly(vinyl alcohol) (PVA) (Mw 125 000), hydro-
chloric acid, ammonia (sp gr 0.98), hydrogen peroxide (37-
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40% w/v) solution, sodium hydroxide, sodium chloride, and so
forth were obtained from S. d-fine Chemicals, Mumbai, India.
Tetraethyl orthosilicate (TEOS) and mercaptopropylmeth-
yldimethoxysilane (MPDMS) were obtained from Aldrich
Chemicals and used as obtained. Double-distilled water was
used in all experiments.

Membrane Preparation. A 5 g portion of PVA was
dissolved in 100 mL of hot deonized water in a 250 mL beaker
to obtain a homogeneous solution. Then, 2 g of TEOS and 5 g
of MPDMS were added while maintaining a pH of 2 in the
case of the acid-catalyzed membrane and a pH of 10 in the
case of the base-catalyzed membrane. The pHs of the solutions
were maintained by adding 1 M HCl and 1 M NH4OH. The
resulting gel was cast on a glass plate to a desired thickness
and dried at room temperature to obtain a film. These films
were then immersed in a solution containing formaldehyde
(54.1 g), sodium sulfate (150.0 g), sulfuric acid (125.0 g), and
water (470.0 g) for 2 h at 60 °C for effecting cross-linkage in
the membrane by formal reaction. The membranes obtained
were subjected to oxidation for the conversion of the mecapto
group into the sulfonic acid with hydrogen peroxide. The
resulting membranes before being subjected to electrochemical
studies were conditioned in 0.10 M HCl and 0.10 M NaOH
solutions alternately several times and then equilibrated with
the experimental solution for further characterization. The
cation-exchange membranes (CEMs) thus prepared were
designated as CEM-A/X for acid catalyst and CEM-B/X for base
catalyst, where X is the silicon content (%) in the membrane
phase.

FTIR Studies. The Fourier transform infrared (FTIR)
spectra of different cation-exchange membranes were obtained
using spectrum GX series 49387.

TEM and SEM Studies. The surface morphology of
thoroughly dried membrane film was studied by a JEOL
1200EX transmission electron microscope. The JEOL 1200EX
transmission electron microscope with a tungston electron
source operates at an accelerating voltage of up to 120 kV.
Images are taken directly using a built-in plate camera on the
electron image film mounted at the bottom of the unit.
Scanning electron microscopy (SEM) images were recorded
using a Leo microscope.

Thermal and Mechanical Strength Analysis. The deg-
radation process and the thermal stability of the membranes
were investigated using thermogravimetric analysis (TGA)
(Mettler Toledo TGA/SDTA851e with stare software) under a
nitrogen atmosphere using a heating rate of 10 °C/min from
50 to 800 °C. Differential scanning calorimetry (DSC) mea-
surements were carried out using a Mettler Toledo DSC822e

thermal analyzer with stare software. The analysis of the
mechanical strength of the membranes was carried out using
a Mettler Toledo dynamic mechanical analysis (DMA) 861c

instrument with starc software under isothermal conditions.
Ion-Exchange Capacity (IEC) and Volume Fraction of

Water (æw) Measurements. Ion-exchange capacity was de-
termined by equilibrating the membrane in 1.0 M HCl or 1.0
M NaOH solutions to convert the membrane into H+ or OH-

form. The membrane was then washed free of excess HCl or
NaOH with distilled water and equilibrated in it to remove
the last traces of acid or base. Then, it was equilibrated in
0.10 M NaCl for 24 h and the ion-exchange capacity was
determined from the increase in acidity or basicity, which in
turn was determined by acid or base titration.

For the measurement of the volume fraction of water, the
membrane was immersed in distilled water for 24 h and the
wet membrane was weighed after mopping the surface with
filter paper. This wet membrane was dried at a fixed temper-
ature of 60 °C until a constant weight was obtained. æw was
estimated by

where ∆W is the weight difference between wet and dry

membrane and dw and dm are the densities of water and
membrane, respectively.

Membrane Potential and Conductance Studies. The
experimental cell used for the membrane potential measure-
ments22 had two compartments separated by the membrane
in circular shape with a 7.0 cm2 area. To minimize the effect
of boundary layers on potential, the solutions in both the
compartments were vigorously stirred by magnetic stirrers.
The potential difference developed across the membrane was
recorded with the help of a multimeter (Systronics, India)
using saturated calomel electrodes and salt bridges, which
were reproducible up to 0.10 mV. For the membrane potential
measurements, the ratio of salt concentrations on the higher
to lower side (C1/C2) was kept constant at 9.0, while ∆C/Cs )
1.60, where C1 and C2 are the electrolyte concentrations, ∆C
) C1 - C2, and Cs ) C1 + C2/2.

The conductance measurements on the membranes were
carried out separately in NaCl solutions with concentrations
ranging from 0.01 to 0.06 M, using a clip type cell as reported
earlier.23 This cell is composed of two graphite electrodes fixed
on plexiglass plates. The active area of the electrodes as well
as the membrane was 1.0 cm2. During the experiments, the
equilibrated membrane in experimental solution was sand-
wiched between the electrodes and secured in place by means
of a set of screws. Using the potentiostatic two-electrode mode
with alternating current (ac), membrane conductance mea-
surements were performed. Both electrodes were not in direct
contact with the membrane. The membrane resistance (Rm)
was estimated by subtraction of the electrolyte resistance (Rsol)
without membrane from the membrane resistance equilibrated
in electrolyte solutions (Rcell) (Rm ) Rcell - Rsol). The membrane
conductance was measured with the help of a digital conduc-
tivity meter (Century, model CC601, conductance range 0-200
mS, frequency 1-50 kHz, ac current) with up to (0.01 mS
reproducibility.

Electroosmotic Permeability Measurements. The elec-
troosmotic permeability of cation-exchange membranes was
measured in a two-compartment membrane cell24 with an
effective membrane area of 20.0 cm2, in equilibration with 0.01
M NaCl solutions. Both compartments were kept in a state of
constant agitation by means of magnetic and mechanical
stirrers. A known potential difference was imposed across the
membrane with the help of an electronically operated power
supply using Ag/AgCl electrodes, and then, volumetric flux was
measured by observing the movement of liquid in a horizon-
tally fixed capillary tube of known radius. The current flowing
through the system was also measured using a digital am-
meter connected in series. Several measurements were per-
formed in order to obtain reproducible values.

Results and Discussion

Membrane Preparation. The condensation polym-
erization of the silica precursor (mercaptopropylmeth-
yldimethoxysilane) was carried out in aqueous media
in the presence of poly(vinyl alcohol) with acid/base
catalyst at room temperature for 24 h. The resulting
membranes were cross-linked with formaldehyde, fol-
lowed by the oxidation with hydrogen peroxide to
convert the mercapto group into the sulfonic acid group;
the representative reaction scheme is shown in Figure
1.

FTIR Spectroscopy. The FTIR spectra obtained for
the CEM-A/50 membrane before (CEM) and after cross-
linking (CEM-CL) with formaldehyde in the presence
of sodium sulfate and also after the oxidation of mer-
capto groups to sulfonic acid groups with H2O2 (CEM-
Ox) are presented in Figure 2. The PVA-SiO2 hybrid
membrane shows a characteristic band at 800 cm-1

(characteristic of the symmetric Si-O-Si stretch) and
at 1100-1200 cm-1 (characteristic of the asymmetric
Si-O-Si stretch). The presence of the -SH group was
confirmed by the stretching vibration near 2600 cm-1

æw )
∆W/dw

∆W/dw + Wd/dm
(1)

10024 Nagarale et al. Macromolecules, Vol. 37, No. 26, 2004



(CEM and CEM-CL), which was suppressed after the
oxidation of -SH to -SO3H by H2O2 (CEM-Ox). Fur-
ther, the presence of the broad band in the 1030-1090
cm-1 region confirmed SO3H. The spectral changes
clearly indicate that the hybridization between the
organic and inorganic parts was successfully achieved
by the sol-gel reaction. The broad peak absorption at
around 3400 cm-1 in the hybrid membrane indicates
that there was a significant number of -OH groups due
to the noncondensed SiOH and/or unreacted -OH
groups of the PVA. We suppose that these -OH groups
provide the sites for hydrogen bonding between polymer
and water, because the silica nanoparticles were ob-
served to retain water, even at high temperatures.25

TEM and SEM Studies. The nature of the catalyst
used for hydrolysis affects the clustering of the silica
particle and thus the morphology of the resulting

membranes.26 Membranes prepared by condensation
polymerization of silica precursors by base catalyst were
less opaque in the wet state in comparison with those
prepared by acid-catalyzed hydrolysis. Figure 3 shows
transmission electron microscopy (TEM) images of the
base-catalyzed membrane before its cross-linking. Silica
clusters of nanometer sizes were observed to be dis-
persed in the organic matrix. Figure 4 shows SEM
images for the surfaces of hybrid membranes (CEM-A/
50, CEM-A/58, CEM-A/64, and CEM-A/70) with varied
silica contents. The effect of silica content on the
membrane morphology was clearly observed in these
SEM images. With the increase in silica content in the
membrane matrix, an increase in the membrane poros-
ity was observed. Further, from all the SEM views, no
phase separation of the membrane surface can be
observed, suggesting that the synthesized polymeric
films are homogeneous in nature and hence form dense
membranes.

TGA and DSC Analysis. Thermal stability of the
membranes was illustrated by the TGA and DSC
analysis. The TGA curves measured under flowing
nitrogen are shown in Figure 5 for CEM-A membranes

Figure 1. Reaction scheme for the membrane preparation: representative structure of the resulting membrane.

Figure 2. FTIR spectra of the acid-catalyzed membranes with
50% Si content: CEM (before cross-linking); CEM-CL (after
cross-linking); CEM-Ox (after cross-linking and oxidation).

Figure 3. TEM micrograph of the CEM-B/50 membrane.
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with a silica content of 50-70%. These curves were
fitted using three main degradation stages, arising from
the processes of thermal desolvation, thermal de-
sulfonation, and thermal oxidation of the polymer
matrix. The first weight loss occurred around 100 °C
and was attributed to the loss of absorbed water
molecules in the membrane matrix. The second weight
loss region (300-400 °C) corresponds to the loss of
-SO3H. In the third weight loss region (at a tempera-
ture of >500 °C), the polymer residues were further
degraded, which corresponds to the decomposition of the
main chains of the PVA. The DSC analysis was carried
out in the nitrogen atmosphere with a heating rate of 5
°C/min, and the resulting curves for the CEM-A/50 and
CEM-B/50 membranes are presented in Figure 6. The
acid-catalyzed membrane exhibited a Tg value around
110 °C, while the base-catalyzed membrane showed a
Tg value around 120 °C. This difference in the Tg values
of the membranes with a change in the catalyst may be
due to the tightness of the membranes. With base
catalyst, the membrane may be a bit tighter because of
cross-linking of the silica clusters. These silica clusters
are linear and weakly cross-linked in the membrane
prepared by the acid catalyst.

DMA Studies. Figure 7 shows the representative
data of mechanical strength analysis for CEM-A/50
under different applied forces ranging between 15 and
60 N at a constant temperature (100 °C) and frequency

(1 Hz). The membrane exhibited good mechanical
stability under these experimental conditions, and no
breaking of the polymeric film was observed. Dynamic
mechanical curves were recorded at varying frequencies
ranging between 1 and 200 Hz at a constant force (40
N) and temperature (100 °C) for acid- and base-
catalyzed membranes, but the membrane seemed to be
stable under these experimental conditions. It could be
concluded that membranes would withstand a 60 N
force at 100 °C and a 200 Hz frequency.

The organic-inorganic hybrid membranes, with mo-
lecular or nanometer level dispersion between inorganic
and organic polymers by covalent or hydrogen bonding,
were prepared by the sol-gel method. In these mem-
branes, the poly(vinyl alcohol) part gives very good
flexibility, while the inorganic part with sulfonic acid
after oxidation of the mercapto group was responsible
for good ionic conductivity with better thermal and
mechanical stability. In the sol-gel process, the reaction
of the silica precursor and water in the presence of acid
or base forms one phase solution that goes through a
solution-to-gel transition and forms a rigid two-phase
system comprised of solid silica (SiO2) and solvent-filled
pores. We observed that the nature of the catalyst
affects the properties of the resulting membranes. Both
catalyzed reactions were bimolecular nucleophilic sub-
stitution reactions. However, the acid-catalyzed mech-
anisms were preceded by rapid protonation of the OR
or OH substituents bonded directly to the silicon atom,
whereas under basic conditions hydroxyl or silanolate
anions attacked the silicon atom directly. With time,
sufficient numbers of interconnected Si-O-Si bonds are

Figure 4. SEM images of the hybrid membranes with
different silica contents.

Figure 5. TGA of the acid-catalyzed hybrid membranes with
different silica contents.

Figure 6. DSC analysis of the CEM-A/50 and CEM-B/50
hybrid membranes.

Figure 7. DMA analysis of the CEM-A-50 membrane with
different forces at 100 °C and a constant frequency of 1 Hz.
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formed in a region, they interact cooperatively to form
colloidal particles or a sol, and further colloidal particles
link together to form a three-dimensional network or a
gel. Acid catalysis forms linear polymers, which are
weakly cross-linked due to steric crowding, while base
catalysis forms more highly branched clusters due to
more rapid hydrolysis.27 Under acidic conditions, these
polymers entangle and form additional branches, re-
sulting in gelation, and under basic conditions, gelation
occurs by linking of the clusters. Representative schemes
for the entanglement of linear weakly cross-linked
polymers with acid catalyst hydrolysis and for the highly
branched clusters with base catalyst hydrolysis are
shown in parts A and B of Figure 8, respectively.

IEC and Water Uptake Properties. Ion-exchange
capacity (IEC) indicates the density of ionizable hydro-
philic groups in the membrane matrix, which are
responsible for the ionic conductivity of the ion-exchange
membrane. In general, membranes having the same
degree of cross-linking and composition absorb the same
amount of water, where the density of ionizable groups
is the same throughout the membrane matrix.28,29 The
IEC values of all the prepared membranes are presented
in Table 1. It can be seen that the IEC values ranged
from 1.210 mequiv/g for CEM-A/70 to 0.865 mequiv/g

for CEM-A/50. IEC values increased with an increase
in the silica content on the membrane matrix. IEC
arises due to the presence of the -SO3H group after the
oxidation of the -SH group present in MPDMS and thus
is proportional to the silica content. Moreover, the IEC
of CEM-A/50 is higher than that for CEM-B/50 even
though they have the same composition, which may be
because of the linear and low cross-linked polymer
clusters in the previous case and the highly branched
clusters in the latter case. For linear polymer clusters,
the availability of functional groups for exchange will
always be higher in comparison to highly branched
polymer clusters. Further, incorporation of more silica
in the membrane matrix will also lead to an increase
in pore volume and thus water uptake. Thus, a definite
compromise between the silica content and the mem-
brane properties is needed.

Water uptake at equilibrium is also tabulated in
Table 1 for different types of membranes. It can
observed that an increase in silica content in the hybrid
membrane leads to a substantial increase in water
uptake of the membrane because of the increase in the
density of functional groups as well as the porous
volume in the membrane phase. Water uptake for the
CEM-A/50 membrane was also higher than that for
CEM-B/50 because of the lower degree of cross-linking
compared to the previous one. Furthermore, the IEC
and water uptake values of these membranes are
comparable with those for Nafion membrane.30

Membrane Permselectivity. When electrolyte solu-
tions of unequal concentrations are separated by a
membrane, an electrical potential difference develops
across the membrane due to the tendency of oppositely
charged ions to move with different mobilities because
of membrane permselectivity for counterions.31,32 The
magnitude of the membrane potential depends on the
electrical characteristics of the membrane in addition
to the nature and concentration of counterions.33,34

Membrane potential data were obtained for different
types of hybrid membranes in NaCl solutions (the mean
concentration (Cs) ranged between 0.01 and 0.06 M; C1/
C2 ) 10 and ∆C/Cs ) 1.60) and were used for the
estimation of membrane permselectivity. Membrane
permselectivity (Ps) arises due to the nature of the ion-
exchange membrane for discrimination between coun-
terions and co-ions and can be defined by eq 2

where ti
m and ti are the counterion transport numbers

in the membrane phase and solution, respectively. ti
m

values under different experimental conditions were
estimated from membrane potential data using the TMS
(Teorell, Meyer, and Sievers) approach.35 The permse-
lectivity values for different acid-catalyzed organic-
inorganic hybrid membranes in equilibration with
sodium chloride solutions with concentrations ranging
from 0.01 to 0.06 M are presented in Figure 9. Exami-
nation of the results clearly shows that membrane
permselectivity decreases with equilibrating NaCl solu-
tion because of the decline in Donnan exclusion at
higher electrolyte concentrations. Initially, membrane
permselectivity seems to be independent of the Si
content in the membrane phase. Rapid change in the
membrane permselectivity was observed when varying
the Si content from 60 to 65%, and afterward, it attains
the limiting values in all cases. This observa-

Figure 8. (A) A representative scheme for the linear weakly
cross-linked polymers with acid catalyst hydrolysis. (B) A
representative scheme for the highly branched clusters with
base catalyst hydrolysis.

Table 1. IEC and Water Uptake Values for Different
Hybrid Membranes with a 100 µm Thickness

membrane IEC (mequiv/g) water uptake (%)

CEM-A/50 0.865 36.25
CEM-A/58 0.987 44.57
CEM-A/64 1.106 48.97
CEM-A/70 1.210 54.83
CEM-B/50 0.613 32.19
Nafion 0.996a 41.00a

a Data obtained from ref 30.

Ps )
ti
m - ti

1 - ti
(2)

Macromolecules, Vol. 37, No. 26, 2004 Organic-Inorganic Hybrid Membrane 10027



tion may be explained by the change in pore texture of
the organic-inorganic hybrid membrane with the Si
content in the membrane phase. It seems void that the
volume in the membrane phase increases with the
incorporation of Si (which was also supported by water
uptake studies and SEM images). Initially, the high
density of functional groups dominated it, but at a
certain Si content in the membrane phase, it was
predominant and resulted in a rapid decline in Donnan
exclusion and thus in lower membrane permselectivity.

At higher Si contents, membranes exhibited abso-
lutely very low permselectivity and could not be used
as ion-exchange membranes. Membrane permselectivity
as a function of NaCl solution concentration was also
compared between acid- and base-catalyzed membranes
(CEM-A/50 and CEM-B/50) prepared with the same
composition and for Nafion membrane, and the results
are presented in parts A and B36 of Figure 10, respec-
tively. It can be seen that both types of membranes
exhibited good permselectivity at lower electrolyte
concentrations and the membrane permselectivity de-
creased at higher electrolyte concentrations. As linear
polymer clusters in the case of the CEM-A membrane
resulted in a high density of functional groups, it
possesses a higher permselectivity in comparison with
the CEM-B membrane, in which case due to the highly
branched polymer clusters a low density of functional
groups is present. Permselectivity values of Nafion
membrane36 were slightly higher than those of the
PVA-SiO2 hybrid membranes. Comparatively less fixed

charge on the surface of the PVA-SiO2 hybrid mem-
branes may be responsible for the observed marginally
lower permselectivity values.

Membrane Conductivity. The measurement of
membrane conductivity is important for assessing the
contribution of various functional groups. Membrane
conductance data for different membranes with varied
Si contents, equilibrated with NaCl solutions of con-
centrations ranging from 0.01 to 0.06 M, are presented
in Figure 11A. The κm values increased with an increase
in the equilibrating solution concentration. Also, the κm

values initially remained constant with Si content and
increased rapidly between 58 and 64% Si content before
attaining a limiting value for higher Si contents. This
trend in behavior is the same as that observed for water
uptake and IEC behavior, which confirms the observa-
tion made on the basis of membrane permselectivity
values. The membrane conductivities for acid- and base-
catalyzed membranes with the same composition (CEM-
A/50 and CEM-B/50) were also measured and compared.
The κm values for the acid-catalyzed membranes were
found to always be higher than those for the base-
catalyzed membranes under comparable conditions
probably because of the lower IEC value in the latter
case. Here, we can say that the increase in the IEC
value by introducing -SO3H in these hybrid membranes
is not a primary factor for the increase of membrane
conductivity. That is, the capacity of the membrane to
contain water molecules within the polymeric structure
needs to be considered seriously in any polymer design.
These results suggest that the Si content with the
associated IEC value should be optimized to obtain the
desired membrane permselectivity and conductivity. For
the purpose of comparison, the membrane conductivity
values for Nafion membrane in equilibration with NaCl
solutions of different concentrations37 are also presented
in Figure 11B. Under similar experimental conditions,
the κm values for various PVA-SiO2 hybrid membranes
seem to be comparable with Nafion membrane.

Electroosmotic Studies. The electroosmotic perme-
ability across the hybrid membranes was measured, and
flux was plotted as a function of the applied current. In
all the cases, a straight line was obtained. Equivalent
pore radii (r) of hybrid membranes were estimated from
their electroosmotic permeability values using the Katch-
alsky and Curran approach38 with the help of the
equation

Figure 9. Variation of the permselectivity of CEM-A mem-
branes with Si content at different concentrations of NaCl
solutions.

Figure 10. Dependence of membrane permselectivity on the
mean concentration of NaCl solutions for (A) acid- and base-
catalyzed hybrid membranes with 50% Si content and (B)
Nafion membrane (ref 36).

Figure 11. Variation of membrane conductivity (κm) with (A)
Si content at different concentrations of NaCl solutions and
(B) NaCl concentration for Nafion117 membrane (ref 37).

r ) (8ηFâ
f 1w

0 )1/2
(3)
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where F is the Faraday constant, â implies that every
coulomb of electricity will exert a drag effect sufficient
to carry â cm3 of water through 1 cm2 of the membrane,
η denotes the coefficient of viscosity of the permeate,
and f 1w

0 is the frictional coefficient between counterion
and water in free solution, which can be defined as f 1w

0

) RT/Di (where Di is the diffusion coefficient of the
single ion i in the free solution, R is the gas constant,
and T is the absolute temperature). The ionic diffusion
coefficient (Di) at a given electrolyte concentration was
obtained from ionic conductance data.39 Equivalent pore
radius (r) values estimated from eq 3 for different types
of hybrid membranes with varying Si contents are
presented in Figure 12. r values increased with the
increase in the Si content in the membrane phase.
However, these values were found to be in good agree-
ment with the equivalent capillary radius in equilibrium
with 0.1 M NaCl solution (estimated by electroosmotic
flux, 1.10 nm) reported by Koter40 for Nafion 117
membranes. We also observed that the incorporation of
silica in the membrane matrix leads to an increase of
pore volume and consequently water uptake. An in-
crease in pore radius leads to a reduction in Donnan
exclusion and thus membrane permselectivity, and the
density of functional groups depends on the MPDMS
or Si content; thus, a definite compromise between the
silica content and the membrane ion-exchange proper-
ties is essential in order to have an organic-inorganic
hybrid cation-exchange membrane with the desired
properties.

Conclusions
Organic-inorganic hybrid membranes based on PVA-

SiO2 hybrids, in which -SO3H groups are introduced
by oxidation of the existing -SH group in MPDMS, were
prepared using a sol-gel process under acidic and basic
conditions, and their physicochemical and electrochemi-
cal properties have been studied. This is a relatively new
method where functional groups were introduced in the
preformed hybrid film by the oxidation of the -SH group
in the presence of H2O2 and leads to the formation of a
homogeneous type of cation-exchange membrane. It was
found that the membrane properties depend on the
nature of conditions under which they were prepared.
Under acidic conditions, linear polymeric clusters were
formed, which are weakly cross-linked, while, under
basic conditions, highly branched polymeric clusters
were formed due to more rapid hydrolysis. Hybrid
membranes prepared under acidic conditions have
advantages over those prepared under basic conditions
because of their high IEC, permselectivity, and conduc-
tivity values.

Characterization by TGA, DSC, and DMA testing
revealed an adequate thermal and mechanical stability
of the membrane, which is essential for thermally stable
cation-exchange membranes. These membranes with
high water uptake, moderate IEC values, good ionic
conductivity, and good permselectivity with no signifi-
cant effect on thermal and mechanical stability offer a
new dimension for the preparation of organic-inorganic
hybrid membranes, in which the membrane porosity
and density of functional groups could be controlled by
the inorganic content. Different electrochemical proper-
ties of these membranes were compared with those of
Nafion membrane and were found to be in good agree-
ment. Furthermore, with improved physicochemical and
electrochemical properties, these membranes will be
suitable for fuel cell and chlor-alkali applications as a
substitute for Nafion membrane.
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