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ABSTRACT: Hybrid membranes were prepared using
poly(vinyl alcohol) (PVA) and tetraethylorthosilicate (TEOS)
via hydrolysis and cocondensation reaction for the pervapo-
ration separation of water-isopropanol mixtures. The result-
ing membranes were characterized by Fourier transform
infrared spectroscopy, wide-angle X-ray diffraction, and dif-
ferential scanning calorimetry. The glass transition temper-
ature of these membranes varied from 100 to 120°C with
increasing TEOS content. Effects of crosslinking density and
feed compositions on the pervaporation performances of the
membranes were studied. The membrane containing 1.5:1
mass ratio of TEOS to PVA gave the highest separation
selectivity of 900 at 30°C for 10 mass % of water in the feed
mixture. It was found that the separation selectivity and

permeation flux data are strongly dependent on the water
composition of the feed and operating temperature. How-
ever, the membrane with the highest crosslinking density
showed unusual pervaporation properties. The overall acti-
vation energy values were calculated using the Arrhenius-
type equation. The activation energy values for the perme-
ation and diffusion varied from 49.18 to 64.96 and 55.13 to
67.31 kJ/mol, respectively. Pervaporation data have also
been explained on the basis of thermodynamic quantities.
© 2004 Wiley Periodicals, Inc. J Appl Polym Sci 94: 1304–1315, 2004
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INTRODUCTION

Pervaporation (PV) is an energy-efficient, membrane-
based process, a combination of evaporation and per-
meation, and is considered an attractive alternative for
many separation processes. The process, which re-
quires only low temperature and pressure, has cost
and performance advantages compared to conven-
tional separation for azeotropic mixtures,1,2 close boil-
ing components,3–5 and isomeric mixtures.6 In the PV
process, the liquid mixture is maintained at atmo-
spheric pressure on the feed side of the membrane and
the permeate is removed on the other side as a vapor,
because of a low vapor pressure existing on the down-
stream side. This low vapor pressure can be achieved
by employing a carrier gas or using a vacuum pump.

The partial downstream pressure must at least be
lower than the saturation pressure.

Isopropanol has been widely used in semiconductor
and liquid crystal display industries as a water-re-
moving agent.7 Used isopropanol can be recycled by
several methods, including pervaporation processes.
Water and isopropanol form an azeotrope at 85.3 mass
% of isopropanol concentration. The selective separa-
tion of water from aqueous mixtures of isopropanol or
the dehydration of isopropanol can be carried out
with different membranes, which contain polar
groups, either in the backbone or as pendent moieties.
For the dehydration of such a mixture, poly(vinyl
alcohol) (PVA) and PVA-based membranes8,9 have
been used extensively. PVA is the primary material
from which the commercial Gesellshaft Fur
Trenntechnik membranes are fabricated and has been
studied intensively in pervaporation because of its
excellent film forming, high hydrophilicity due to
–OH groups as pendant moieties, and chemical-resis-
tant properties.10–12 On the contrary, PVA has poor
stability at higher water concentrations, and hence
selectivity decreases remarkably.13 To improve the
stability of PVA at higher water concentration, two
methods have been suggested:14 crystallization and
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crosslinking. Although PVA membranes with crystal-
lization pretreatment can be used at higher water con-
centrations, they are still unstable at higher tempera-
tures.13 Therefore, crosslinking seems to be the best
method to improve the stability against water and
organic solvents at higher temperatures. Many
crosslinking methods for PVA membrane applications
are being used in the literature.15–20 In addition, either
chemical or physical incorporation of some of the
inorganic species like silica, zirconia, and titania into
the polymer matrix enhances the properties such as
flexibility and toughness of the resulting mem-
branes.21–23

The present work represents the synthesis of PVA-
based hybrid membranes, involving the hydrolysis
and cocondensation of TEOS precursors with the re-
active –OH groups of PVA under acidic conditions.24

The TEOS content with respect to PVA was varied to
improve the membrane’s performance. The resulting
membranes were tested for PV separation of water–
isopropanol mixtures at 30, 40, and 50°C. The overall
activation energies for permeation and diffusion were
calculated using the Arrhenius-type equation.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) (M� w�125,000), isopropanol, and
hydrochloric acid were purchased from S. D. Fine
Chemicals Ltd. (Mumbai, India). Tetraethylorthosili-
cate (TEOS) was procured from E. Merck Ltd. (Mum-
bai, India). All chemicals are of reagent grade and
were used without further purification. Water was
deionized and distilled before use.

Membrane preparation

Poly(vinyl alcohol) (4 g) was dissolved in 100 mL of
deareated-distilled water at 60°C. The hot solution
was filtered and a known amount of TEOS and 1 mL
of concentrated HCl as catalyst were added to the
filtrate. The solution was stirred overnight at the same
temperature and the resulting homogeneous solution

Figure 1 Scheme for the synthesis of PVA-based hybrid
membrane.

Figure 2 (A) Schematic representation of pervaporation
apparatus: (1) pervaporation cell; (2) vacuum control valve;
(3) permeate cold trap; (4) moisture cold trap; (5) pressure
sensor; (6) vacuum pump. (B) Schematic diagram of perva-
poration cell: (1) water inlet; (2) water outlet; (3) feed inlet;
(4) thermometer jacket; (5) stirrer; (6) o-ring; (7) membrane;
(8) sintered disk; (9) permeate outlet.
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was cast onto a glass plate with the aid of a casting
knife. The membranes were allowed to dry at room
temperature for 2–3 days and the completely dried
membranes were subsequently peeled off. The mass
ratio of TEOS to PVA was varied at 0.25, 0.5, 1.0, 1.5,
and 2, and the resulting homogenous hybrid mem-
branes were designated M-1, M-2, M-3, M-4, and M-5,
respectively. These correspond to the molar ratios of
TEOS and PVA based on the number of hydrolysable
OC2H5 groups of TEOS and –OH groups of PVA are
0.21, 0.42, 0.84, 1.27, and 1.69, respectively. The thick-
ness of these membranes was measured at different
points using a Peacock dial thickness gauge (Model G,
Ozaki MFG. Co. Ltd., Japan) with an accuracy of �5
�m and the average thickness was used for calcula-
tion. The scheme for the synthesis of PVA-based hy-
brid membranes is illustrated in Figure 1.

Fourier transform infrared (FTIR) spectroscopy

The reaction between PVA and TEOS was confirmed
using an FTIR spectrometer (Nicolet, Impact- 410,
USA). Membrane samples were ground well to make
KBr pellets under hydraulic pressure of 400 kg/cm2 and
the spectra were recorded in the range of 400-4000 cm�1.

Wide-angle X-ray diffraction (WAXD)

The morphology of the pure PVA and its hybrid mem-
branes was studied at room temperature using a
Bruker D-8 advanced wide-angle X-ray diffractom-
eter. The X-ray source was nickel-filtered Cu-K� radi-
ation (40 KV, 30 mA). Dried membranes of uniform
thickness (�45 �m) were mounted on a sample holder
and scanned in the reflection mode at an angle 2� over
a range from 5 to 45o at a speed of 8o per min.

Figure 3 (A) FTIR spectra of pure PVA and its hybrid membranes: (M) 0 mass ratio; (M-1) 0.25 mass ratio; (M-2) 0.5 mass
ratio (M-3) 1.0 mass ratio; (M-4) 1.5 mass ratio; and (M-5) 2.0 mass ratio of TEOS. (B) FTIR spectra of pure PVA and its
unreacted mixtures: (X) 0 mass ratio; (X-1) 0.25 mass ratio; (X-2) 0.5 mass ratio (X-3) 1.0 mass ratio; (X-4) 1.5 mass ratio; and
(X-5) 2.0 mass ratio of TEOS.
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Differential scanning calorimetry (DSC)

Thermal properties of the pure PVA and its hybrid
membranes were measured using a differential scan-
ning calorimeter (Stanton, Redcroff DSC 1500). Sam-
ple weights ranged from 5 to 8 mg and were heated
from ambient to 300°C at a heating rate of 10°C/min.
The intercept point of the slopes was taken as the glass
transition temperature (Tg).

Pervaporation experiments

PV experiments were performed using an indige-
nously designed apparatus shown in Figure 2A and B.
The effective surface area of the membrane in contact
with the feed mixture is 37.4 cm2 and the capacity of

the feed compartment is about 250 cm3. The vacuum
in the downstream side of the apparatus was main-
tained (10 Torr) in all experiments using a two-stage
vacuum pump (Toshniwal, Chennai, India). The water
composition in the feed mixture varied from 10 to 90
mass %. The test membrane was allowed to equili-
brate for about 2 h in the feed compartment before the
PV experiment was performed with the known vol-
ume of feed mixture. After a steady state was attained,
the permeate was collected in trap immersed in the
liquid nitrogen on the downstream side and experi-
ments were carried out at 30, 40, and 50°C. The flux
was calculated by weighing the permeate and its com-
position was estimated by measuring the refractive
index of the mixture within an accuracy of �0.0001

Figure 3 (Continued from the previous page)
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units using Abbe’s refractometer (Atago-3T, Japan)
and by comparing it with a standard graph, which
was established with the known compositions of wa-
ter–isopropanol mixtures.

From the PV data, separation performances of the
membranes were assessed in terms of total flux (Jp),
separation selectivity (�sep), and pervaporation sepa-
ration index (PSI) and these were calculated, respec-
tively, using the equations

Jp �
Wp

A � t (1)

�sep �
Pw/PIPA

Fw/FIPA
(2)

PSI � Jp��sep � 1�. (3)

Here, Wp is the mass of permeate (g); A is the area of
the membrane in contact with the feed mixture (m2); t
is the permeation time (h); Pw and PIPA are the mass
percentage of water and isopropanol in the permeate,
respectively. Fw and FIPA are, respectively, the mass
percentage of water and isopropanol in the feed. The
results of permeation for water–isopropanol mixtures
during pervaporation were reproducible within the
admissible range.

Swelling measurements

The equilibrium sorption experiments were per-
formed in different compositions of water–isopropa-
nol mixtures using an electronically controlled oven
(WTB Binder, Germany). The masses of the dry mem-
branes were first determined and these were equili-
brated by soaking in different compositions of the
mixtures in a sealed vessel at 30°C for 24 h. The
swollen membranes were weighed as quickly as pos-
sible after careful blotting on a single pan digital mi-
crobalance (Mettler, B204-S, Toledo, Switzerland) with
a sensitivity of �0.01 mg. The percentage degree of
swelling was calculated as

DS�%� � �Ws � Wd

Wd
� � 100, (4)

where Ws and Wd are the masses of the swollen and
dry membranes, respectively.

RESULTS AND DISCUSSION

Membrane characterization

FTIR studies

The incorporation of silicone groups into a PVA ma-
trix was confirmed by IR studies. Figure 3A and B

shows the FTIR spectra of pure PVA membrane and
its hybrid membranes and unreacted mixture of PVA
and TEOS, respectively. A characteristic strong and
broad band appearing at around 3400 cm�1 in pure
PVA spectra (M) corresponds to –OH stretching vibra-
tions of the hydroxyl groups. The intensity of this
peak decreased marginally from membrane M-1 to
M-5 with increasing TEOS content in the membrane.
However, for the unreacted mixtures of PVA and
TEOS, the intensity of this peak decreased remarkably
and is simply due to the decrease of PVA content
(–OH groups) in the mixture with increasing mass
ratio of TEOS. This confirms that although the reactive
–OH groups of PVA in the membrane are involved in
the condensation reaction, still the observed marginal
decrease of its intensity from M-1 to M-5 indicates the
formation of silanol [Si(OH)x] groups during hydroly-
sis of TEOS, which add up to the intensity of –OH
peak. Further, multiple bands appearing in the spectra
(M) at around 1000 to 1100 cm�1 are assigned to C–O
stretching. The intensity of these bands increased mar-
ginally from membrane M-1 to M-5 due to an increase
of Si–O groups in the membrane with increasing TEOS
content, since the Si–O stretching band appears almost
close to the frequency of C–O stretching. However, the
intensity of this peak increased significantly for the
unreacted mixtures and is simply due to the addition
of both C–O and Si–O groups to the C–O groups of
PVA with increasing TEOS in the mixture. These ex-
planations suggest the formation of Si–O–C bonds25,26

in the resulting membrane matrix.

Glass transition temperature (Tg)

The increase of TEOS content in the solution of PVA
increased the crosslinking density from membrane
M-1 to M-5. This hinders the segmental motion of the
chains and thereby increases the chain stiffness owing
to a reduction of free volume in the membrane matrix.
Besides, the silicone crosslinking groups enhance the
toughness of the membranes, as the Si–O bonds are
known to be stronger compared to C–C bonds.27 As a
result, the Tg increased exponentially with increasing
TEOS content in the membranes, as shown in Figure 4.

X-ray diffraction studies

To study the effect of TEOS on the membrane mor-
phology, X-ray diffraction was employed and the pat-
terns for the PVA and its hybrid membranes are pre-
sented in Figure 5. The pure PVA membrane (M)
exhibits a typical peak that appeared at 2� � 20 de-
gree7,28 and thus, it can be assigned to be a mixture of
(101) and (200). On the other hand, diffraction patterns
of the hybrid membranes show that as the degree of
crosslinking density increased from membrane M-1 to
M-5, the intensity of the typical peak of PVA de-
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creased continuously at around 2� � 20. This reveals
that the uncrosslinked PVA membrane exhibits more
crystalline domains than those of crosslinked hybrid
membranes. From the patterns, it can also be observed
that there is a shift in the position of the peaks of
hybrid membranes from the pure PVA membrane.
This implies that the silanol groups of TEOS crosslink
with the reactive –OH groups of PVA in a crystalline
domain and results in the compression of the amor-
phous region, thereby making the structure more
compact.29 This compact structure favors the selective
transport.

Swelling study

The swelling of the polymer membrane in some liq-
uids depends on the extent of crosslinking, membrane
morphology, interaction between the polymer and
penetrants, and the free volume available within the
polymer matrix.30,31 In PV experiments, membrane
swelling controls the transport of permeating mole-
cules under the influence of chemical potential gradi-
ent. Figure 6 displays the swelling behavior of the
PVA-based hybrid membranes in different mass % of
water–isopropanol mixtures at 30°C. It is observed
that the degree of swelling increased with increasing
water concentration in the feed. This behavior is more
predominant for the membranes M-1 and M-2 due to
lower crosslinking density. For membranes M-3 and
M-4, the degree of swelling increased gradually with
increasing the water concentration in the feed. This is
due to a higher crosslinking density formed between
the linear polyethylene segments by the addition of
TEOS. However, for the membrane M-5, the degree of
swelling is insignificant and did not show any change
even after increasing the water concentration in the
feed. This clearly indicates that at 2:1 mass ratio of
TEOS to PVA, the membrane loses its hydrophilic
character considerably due to higher crosslinking den-
sity. Therefore, in the present investigation the
crosslinking plays a vital role in controlling the swell-

ing behavior of the membranes, which, in turn, is
responsible for the rate of permeation of selective
molecules through the membranes.

Pervaporation separation index

The PSI is the product of total permeation and sepa-
ration factor, which characterizes the membrane per-
formances in PV applications. Figure 7 shows the vari-
ation of PSI as a function of TEOS content in the
membranes for 10 mass % of water in the feed at 30°C.
PSI values increase as the crosslinking density in-
creases (M-1 to M-4). However, for membrane M-5,
the PSI value decreased. This may be due to a consid-
erable loss of hydrophilic character at higher
crosslinking density and, as a result, selectivity re-Figure 4 Effect of TEOS on glass transition temperatures.

Figure 5 Wide-angle X-ray diffraction patterns of pure
PVA and its hybrid membranes: (M) 0 mass ratio; (M-1) 0.25
mass ratio; (M-2) 0.5 mass ratio; (M-3) 1.0 mass ratio; (M-4)
1.5 mass ratio; and (M-5) 2.0 mass ratio of TEOS.
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markably decreased toward the water. This suggests
that the membranes of the present study showed bet-
ter performances at higher crosslinking density up to
a maximum extent of 1.5:1 mass ratio of TEOS to PVA.

Pervaporation

The pervaporation process combines the evaporation
of volatile components of a mixture with their perme-
ation through a polymeric membrane under reduced
pressure conditions. It is well accepted that the trans-
port of a volatile substance through a PV membrane
involves a sorption step at the membrane upstream
face, followed by a diffusion through the dense film
and a desorption into the vacuum. Under a high vac-
uum on the downstream side of the polymer film, the
desorption is believed to be a fast step. Thus, the
overall separation characteristic of a membrane de-

pends on three crucial factors with regard to the pen-
etrants of the mixture: affinity to the membrane; size
of the molecules; and their vapor pressure. The affinity
of various volatile molecules toward the membrane
could be evaluated from their difference in solubility
parameter assessed experimentally by sorption mea-
surements. Uncrosslinked PVA is a glassy polymer
with distinct Tm at around 258°C. The pervaporation
process of this type of materials is considered diffu-
sion controlled. The permeation rate of the penetrants
is highly dependent on their size. The chemically
crosslinked PVA with different mass ratios of TEOS
resulted in the formation of new hybrid materials with
improved pervaporation properties.

Figure 8 shows the total pervaporation flux as a
function of water concentration in the feed for the
PVA-based hybrid membranes. It is observed that the
permeation flux increased linearly for all membranes
upon increasing the amount of water content in the
feed. This indicates that with increasing water content
in the feed the selective interactions between water
molecules and the hydrophilic membrane increase. As
a result, the total permeation flux increased almost
linearly for all membranes through easier diffusion of
water molecules. For membrane (M-1), which is less
crosslinked, the total permeation flux increased expo-
nentially up to 40 mass % of water in the feed, after
which the flux increased greatly from 32 to 82 � 10�2

kg m�2 h�1, and beyond 50 mass % the membrane lost
its stability due to the attribution of strong affinity
between the membrane and water molecules.

On the other hand, the permeation flux decreased
from membrane M-1 to M-4 with increasing the
crosslinking density. This is because of a significant
reduction of free volume followed by a decrease in
chain mobility, resulting in less accommodation for
the permeate during the diffusion process. In addition,

Figure 6 Variation of degree of swelling with different
mass % of water in the feed at 30°C for different hybrid
membranes.

Figure 7 Variation of pervaporation separation index with
different mass ratio of TEOS at 30°C for 10 mass % of water
in the feed.

Figure 8 Variation of total pervaporation flux with differ-
ent mass % of water in the feed at 30°C for different hybrid
membranes.
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the hydrophilic character of the membranes reduces
from M-1 to M-4 owing to the formation of crosslinks
involving –OH molecules between the linear polyeth-
ylene units. The results of Tg also indicated that mem-
branes have rigid structures due to a reduction of free
volume upon increasing the crosslinking density, as
seen in Figure 4. However, for membrane M-5, the
observed permeation flux is more than that of the M-2
membrane throughout the range of feed composition,
despite its higher crosslinking density compared to
membranes M-2 to M-4. The effect of this can also be
clearly viewed by plotting the total flux versus mass
ratio of TEOS content in the membranes at 10 mass %
of water in the feed, as shown in Figure 9. This un-
usual behavior may be due to the fact that at higher
crosslinking density, the membrane loses its hydro-
philic character considerably. In addition, the topology
of this membrane may be such that the mesh size of the
polymeric network and the diameter of the diffusion
molecules are of the same order.32 As a result, membrane
M-5 apparently acts like a sieve and thereby the rate of
permeation increased under the influence of vacuum on
the downstream side of the membrane.

To differentiate the extent of permeation of individ-
ual components, we plotted the total flux and fluxes of
water and isopropanol as a function of mass ratios of
TEOS in the membranes for 10 mass % of water in the
feed, as shown in Figure 10. From the plot it is ob-
served that the magnitudes of total flux and flux of
water are almost same except for lower and higher
crosslinked membranes. This is because of greater
swelling and loss of hydrophilic property at lower and
higher crosslinking density, respectively. These led to
the simultaneous permeation of isopropanol and wa-
ter. But still, the permeation of isopropanol is negligi-
ble, suggesting that the membranes in the present
study are highly water selective throughout the range
of water content in the feed. However, membrane M-5
did not allow the permeation of isopropanol to a

greater extent, even though the pore size of the mem-
brane (M-5) and the diameter of the diffusing mole-
cules are of the same order as observed in Figure 9.
This may be due to the fact that the size of the water
molecules (29.9 Å) is much smaller than that of iso-
propanol molecules (127.6 Å) and, hence, the mem-
brane preferentially allowed the water molecules to
permeate through sieving action to a greater extent.

Figure 11 displays the effect of water composition
on the selectivity for all membranes. It is observed that
the selectivity decreased drastically for all membranes
up to 20 mass % of water and then it remains almost
constant over the entire composition of water in the
feed mixture, showing not much variation beyond 20
mass % of water in the feed. Calculated results of total
flux and selectivity and fluxes of water and isopropa-
nol, measured at 30°C for different compositions of

Figure 9 Variation of total pervaporation flux with differ-
ent mass ratio of TEOS at 30°C for 10 mass % of water in the
feed.

Figure 10 Variation of total flux and fluxes of water and
isopropanol with different mass ratio of TEOS at 30°C for 10
mass % of water in the feed.

Figure 11 Variation of separation selectivity with different
mass % of water in the feed at 30°C for different hybrid
membranes.
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feed mixture with respect to mass ratios of TEOS in
the membranes (M-1 to M-5), are presented in Tables
I and II, respectively.

Diffusion coefficient

Transport of molecules in PV experiments has been
explained by the solution-diffusion model.33 Diffusion
occurs as a result of concentration gradient as well as
the driving force applied across the membrane. There-
fore, it is important to estimate the diffusion coeffi-
cient, Di, of solvent molecules to understand the trans-
port mechanism. From the PV results, we have calcu-
lated Di using the equation34

Ji � Pi�Pi(feed) � Pi(permeate)	 �
Di

h �Ci(feed) � Ci(permeate)	. (5)

Here, Di is assumed to be constant across the effective
membrane thickness, h; Ci(feed) and Ci(permeate) are, re-
spectively, the concentration of water or IPA in the
feed and permeate. The computed values of Di (where
subscript i stands for water or IPA) at 30°C are pre-
sented in Table III. As expected, the diffusion coeffi-

cients of water as well as IPA decrease from mem-
brane M-1 to M-4, due to a reduction of free volume
with increasing crosslinking density. However, there
is a considerable increase in diffusion coefficients for
all membranes in both cases with increasing the
amount of water in the feed. Such an increase is quite
dramatic at higher composition of water in the feed
due to enhanced membrane swelling. Similar trends
are observed for membrane M-5 with increasing water
content in the feed, but its Di values increased consid-
erably instead of decreasing, even though the mem-
brane has the highest crosslinking density. The un-
usual behavior of this membrane is a clear indication
of the sieving action as observed in Figures 8 and 9.

Effect of temperature

To study the effect of temperature on PV perfor-
mances for the water–isopropanol mixture, only suit-
able membranes were chosen for the feed mixture
containing 10 mass % water. The results of PV flux and
separation selectivity data at 30, 40, and 50°C are
presented in Table IV. With increasing temperature,
the values of flux increased and separation selectivity

TABLE I
Pervaporation Flux and Separation Selectivity Data for Different Membranes at 30°C for Different Mass % of Water in

the Feed Mixture

Mass
% of
water

Jp � 102 (kg/m2 h) �sep

M-1 M-2 M-3 M-4 M-5 M-1 M-2 M-3 M-4 M-5

10 3.50 2.31 1.19 0.92 3.75 63.00 171.00 424.33 900.00 119.58
20 22.71 6.87 6.24 4.78 12.63 21.00 32.36 40.44 96.00 36.20
30 26.61 11.78 10.09 8.51 16.43 10.63 18.88 21.48 31.00 18.88
40 32.01 20.52 13.71 11.01 25.61 2.55 10.50 12.14 19.93 13.50
50 82.34 27.14 20.13 16.20 31.23 1.86 6.69 7.33 15.67 7.33
60 — 35.44 31.28 29.13 40.15 — 3.78 5.00 10.45 6.00
70 — 45.68 38.00 34.52 49.31 — 2.43 5.14 6.71 3.86
80 — 50.11 44.04 40.97 55.23 — 1.42 2.53 3.02 2.25
90 — 56.69 52.20 48.99 59.87 — 1.00 2.11 2.77 1.00

TABLE II
Pervaporation Fluxes of Water and Isopropanol for Different Membranes at 30°C for Different Mass %

of Water in the Feed Mixture

Mass
% of
water

Jw � 102 (kg/m2 h) JIPA � 102 (kg/m2 h)

M-1 M-2 M-3 M-4 M-5 M-1 M-2 M-3 M-4 M-5

10 3.19 2.19 1.16 0.91 3.45 0.31 0.12 0.03 0.01 0.30
20 19.08 5.81 5.62 4.59 11.36 3.63 1.06 0.62 0.19 1.27
30 21.82 10.48 9.10 7.91 14.62 4.79 1.30 0.99 0.60 1.81
40 23.17 18.02 12.13 10.24 23.05 8.84 2.50 1.58 0.77 2.56
50 53.52 23.61 17.71 15.23 27.48 28.82 3.53 2.42 0.97 3.75
60 — 30.12 28.15 26.22 36.13 — 5.32 3.13 2.91 4.02
70 — 38.83 34.58 31.48 44.38 — 6.85 3.42 3.04 4.93
80 — 42.59 39.53 37.31 49.71 — 7.52 4.51 3.66 5.52
90 — 51.02 47.50 44.07 53.88 — 8.67 4.70 4.92 5.99
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decreased systematically. This suggests that with in-
creasing temperature the interactions between the wa-
ter molecules, and the permeants and membrane be-
come weaker, so that the plasticizing effects become
more important.35 As a result, the transport of water
molecules facilitates along with IPA, while reducing
the selectivity.

The temperature dependence of the permeation flux
was therefore studied using the Arrhenius-type rela-
tion:

Jp � Jpo exp� � Ep

RT �. (6)

Here, Jp0
and Ep are, respectively, pre-exponential fac-

tor and activation energy for permeation; R is the gas
constant, and T is the temperature in degrees Kelvin. If
the activation energy is positive, then the permeation
flux increases with increasing temperature and this is
indeed the case in most of the PV experiments.8,36

Apart from the enhanced permeation flux, the driving
force for mass transport also increases with increasing
temperature. This driving force represents the concen-
tration gradient resulting from a difference in the par-
tial vapor pressure of the permeants between the feed
and permeating mixture. As the feed temperature in-
creases, the vapor pressure in the feed compartment
also increases, but the vapor pressure at the permeate
side is not affected. This leads to an increase of driving

force due to an increase in temperature. In a similar
way, mass transport due to diffusion was also calcu-
lated using the Arrhenius-type equation,

D � Do exp� � ED

RT �, (7)

where Do and ED represent the pre-exponential factor
and activation energy for diffusion, respectively.

The Arrhenius plots of log Jp versus 1/T and log D
versus 1/T are shown in Figures 12 and 13 for tem-
perature dependence of total permeation flux and dif-
fusion, respectively. In both cases linear behavior is
observed, signifying that temperature dependence of
total permeation flux and diffusivity follows the Ar-
rhenius trend. From a least-square fit of these linear
plots, the activation energy values for total permeabil-
ity (Ep) and diffusivity (ED) were estimated and these
were presented in Table V. The values of Ep and ED are
close to each other in each membrane, suggesting that
both permeation and diffusion contribute almost
equally to the PV process. The Ep and ED values varied
from 49.18 to 64.96 and 55.13 to 67.31 kJ/mol, respec-

TABLE III
Diffusion Coefficients of Water and Isopropanol for Different Membranes Calculated at 30°C from Eq. (5) for

Different Mass % of Water in the Feed Mixture

Mass
% of
water

Dw � 105 (cm2/s) DIPA � 106 (cm2/s)

M-1 M-2 M-3 M-4 M-5 M-1 M-2 M-3 M-4 M-5

10 0.40 0.36 0.18 0.14 0.62 0.56 0.12 0.08 0.02 0.05
20 4.17 1.29 1.13 1.00 2.27 7.94 2.36 1.24 0.42 2.52
30 5.80 2.49 2.13 1.76 3.47 12.70 3.10 2.30 1.33 4.29
40 12.28 5.31 3.47 2.71 6.45 72.08 7.58 4.51 1.84 7.17
50 49.96 8.93 6.53 4.85 10.10 268.95 13.36 8.92 3.09 13.80
60 — 16.07 13.14 12.24 16.90 — 29.72 14.60 13.58 18.70
70 — 36.24 26.38 20.79 31.10 — 63.93 22.80 20.08 34.50
80 — 119.00 56.76 47.44 69.60 — 211.00 64.76 46.96 77.30
90 — 643.16 554.17 315.49 628.60 — 795.20 548.33 274.40 698.84

TABLE IV
Pervaporation Flux and Separation Selectivity for

Different Membranes at Different Temperatures for 10
Mass % of Water in the Feed Mixture

Temperature
(°C)

Jp � 102 (kg/m2 h) �sep

M-2 M-3 M-4 M-2 M-3 M-4

30 2.31 1.19 0.92 171 424 900
40 4.25 2.88 1.78 81 103 141
50 7.73 5.16 4.55 51 81 125 Figure 12 Variation of log Jp with temperature for 10 mass

% of water in the feed.
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tively. Using these values, we have further calculated
the heat of sorption as


Hs � Ep � ED. (8)

The resulting 
Hs values are included in Table V.
These values are negative for the membranes studied,
suggesting that Langmuir’s sorption is still predomi-
nant, giving an exothermic contribution.

CONCLUSION

Hybrid membranes were prepared using PVA and
TEOS through hydrolysis followed by cocondensation
reaction and showed a significant improvement in the
membrane performance while separating water–iso-
propanol mixtures. The separation factor increased
profoundly upon increasing the crosslinking density
(M-1 to M-4) due to a reduction of free volume and
increased chain stiffness. However, the separation fac-
tor decreased drastically when PVA was crosslinked
with the highest amount of TEOS (mass ratio of TEOS
to PVA is 2:1). This unusual behavior was explained
on the basis of considerable loss of hydrophilic char-
acter as well as on the topology of the polymer mem-
brane. The highest separation selectivity is found to be
900 for M-4 at 30°C. For all membranes, the selectivity
decreased drastically up to 20 mass % of water in the
feed and then remained almost constant beyond 20
mass %, signifying that the separation selectivity is
much influenced at lower composition of water in the
feed. The PV separation index data also indicated that
higher the degree of crosslinking, the better the mem-
brane performance up to the maximum extent of 1.5:1
mass ratio of TEOS to PVA. On the other hand, per-
meation flux and swelling behavior increased linearly
with increasing concentration of water in the feed due
to an increase of selective interaction between the
water molecules and hydrophilic membrane. As a re-
sult, transport of water molecules occurs across the
membrane through easier diffusion.

The estimated Ep and ED values ranged from 49.18
to 64.96 and 55.13 to 67.31 kJ/mol, respectively. The
small difference observed between Ep and ED values,
indicating that both permeation and diffusion contrib-
ute almost equally to the PV process. For all mem-
branes, Langmuir’s mode of sorption dominates the
process, giving an exothermic contribution.

The authors thank Dr. M. K. Rabinal, Department of Physics,
Karnatak University, Dharwad, for his valuable assistance in
recording the X-ray patterns.
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