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ABSTRACT: Preparation of organic-inorganic composite
membranes and their pervaporation (PV) permeation and
separation characteristics for the aqueous solution of ethyl
acetate were described. Polyacrylonitrile (PAN) hollow
fiber ultrafiltration membrane as support membrane, the
mixtures of perfluorosulfonic acid (PFSA) and tetraethoxy-
silane (TEOS) by the sol-gel reaction as the coating solu-
tion, the PFSA-TEOS/PAN hollow fiber composite mem-
branes by the different annealing conditions were pre-
pared. The swelling of PFSA in ethyl acetate aqueous
solutions was inhibited with addition of TEOS. The PFSA-
TEOS/PAN composite membranes containing up to 30 wt %
TEOS in coating solution exhibited high selectivity towards
water, then the selectivity decreased and permeation flux
increased with increasing the TEOS concentration more
than 30 wt %. When the PFSA-TEOS/PAN composite
membranes were annealed, the separation factor increased

with increasing annealing temperature and time. Higher
annealing temperature and longer annealing time promoted
the crosslinking reaction between PFSA and TEOS in PFSA-
TEOS/PAN composite membranes, leading to the enhanced
selectivity towards water. For the PFSA/PAN and PFSA-
TEOS/PAN composite membrane with 5 and 30 wt %
TEOS annealed at 90°C for 12 h, their PV performance of
aqueous solution 98 wt % ethyl acetate were as follows: the
separation factors were 30.8, 254 and 496, while their perme-
ation flux were 1430, 513 and 205 g/m?* h at 40°C, respec-
tively. In addition, the PV performance of PFSA-TEOS/PAN
composite membranes was investigated at different feed so-
lution temperature and concentration. © 2008 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 109: 40254035, 2008
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INTRODUCTION

Pervaporation (PV) is a membrane process in which
the fractionation of a liquid mixture is obtained by a
partial vaporization of the mixture through a mem-
brane into a vacuum chamber. The membrane acts
as an extracting medium which works continuously
without a regeneration step. Nowadays it is consid-
ered as a basic unit operation with significant poten-
tial in a wide range of applications, such as the
dehydration of organic compounds, the recovery of
organic compounds from water and the separation
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of organic mixtures, especially promising way for
separation of the azeotropic,' or close-boiling point
mixtures.>® PV provides several advantages in vari-
ous applications: easy process design, high selectiv-
ity, low energy consumption, and moderate cost-to-
performance ratio etc.* "

Ethyl acetate is a very important solvent in the
chemical industry, and it is widely used in the pro-
duction of perfumes, plasticizers, varnishes, syn-
thetic resins, and adhesive agents. In general, one
step in production process of ethyl acetate was to
remove the water of initial product from the reactive
distillation tower, and the energy-intensive distilla-
tion process was required.!' If PV was applied to
replace distillation step, it would save much energy.
However, there are only few literatures reported on
the PV dehydration of the ethyl acetate-water sys-
tem. Salt et al.'”'? reported data for ethyl acetate—
water mixture at 30, 40, and 50°C with 97-99 wt %
concentration of ethyl acetate using poly(vinyl alco-
hol) (PVA) crosslinked by tartaric acid (Tac). Sha-
1314 undertook a PV study in the hydrolysis of
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ethyl acetate for the initial feed composition of the
ternary mixture with 10 wt % water, 40 wt % ethyl
acetate, and 50 wt % acetic acid with ethanol form-
ing as a hydrolysis product at 35, 50, 65, and 80°C,
using a standard PVA membrane with a thickness of
2 pm supplied by G. F. T. of Germany. The main
drawback of PVA membrane is its poor stability in
aqueous solutions, and these problems have been
overcome by crosslinking and modifying methods to
obtain stable PVA membrane. However, the permea-
tion flux of crosslinked PVA membrane was low, so
it is necessary to develop the new membranes with
high permeation flux when used to dehydrate the
ethyl acetate aqueous solutions.

For polymeric PV membranes, extensive research
has been performed in finding the optimized mem-
brane. However, a major drawback of organic mem-
branes is their limited solvent and temperature sta-
bility.® However, the inorganic PV membranes,
mostly silica-based,'®"” can withstand harsh chemi-
cal environments and high temperatures, which are
not shown by organic membranes. The microporous
silica PV membranes accompanied with mass trans-
port of components through them were studied dif-
fusely,'®' and they also seemed very effective in
dehydration. The disadvantages of inorganic mem-
branes are their brittleness and the higher produc-
tion costs. Therefore, the organic-inorganic hybrid
membranes, combining with the functionality of or-
ganic compounds and the stability of inorganic com-
pounds, are expected to be the next generation,
high-performance membranes in a variety of fields.”
The hybrid membrane are made by a low-tempera-
ture, solution-based sol-gel method*'™ and it is
possible to homogeneously hybridize the organic
and inorganic components to form the dense mem-
branes. Previously, organic-inorganic hybrid mem-
brane by the sol-gel reaction for PVA and tetrae-
thoxysilane (TEOS),**%° the quaternized chitosan
and TEOS,”*® copolymers of butyl methacrylate and
vinyltriethoxysilane (P(BMA-co-VTES)) and TEOS***°
were prepared for dehydration of alcohol aqueous
solutions, and the permeation or separation charac-
teristics of polymer membranes was improved.

PFSA consists of a polytetrafluoroethylene (PTFE)
backbone and regular spaced long perfluorovinyl
ether pendant side chains terminated by a sulfonate
ionic group. PFSA has excellent chemical, thermal,
and mechanical properties’ and is extensively used in
chlor-alkali industry,” fuel cells,*>** and other appli-
cations.?° Tts chemical formula is shown as follows.
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PFSA has been used for PV dehydration of isopro-
panol,?” nitric acid,®® and acetic acid* aqueous solu-
tions, etc., but its selectivity towards water was very
low.

To improve the separation performance of PFSA
for PV dehydration of ethyl acetate aqueous solu-
tions, the PFSA-TEOS/PAN hollow fiber composite
membranes were prepared by the sol-gel reaction of
mixtures of PFSA and TEOS in this study. The
effects of TEOS concentration in coating solution, the
annealing conditions of composite membranes,
the feed solution temperature and concentration on
the PV performance were investigated in detail.

EXPERIMENTAL
Materials and instrumentals

Tetraethoxysilane (TEOS) was purchased from
Shanghai Ling-Feng Chemical Reagent (China). Per-
fluorosulfonic acid (PFSA) in granular form was self-
recovered from the deteriorated ion-exchange mem-
brane F-8020 (the product of ASAHI Glass Com-
pany, Japan) used in chlor-alkli industry, which was
prepared according to the procedure by Lang et al.*’
All other solvents and reagents were obtained from
Shanghai Chemical Reagent Company (China).

Polyacrylonitrile (PAN) hollow fiber ultrafiltration
support membranes (self-made, pure water flux: 14
L/(m? h Bar)).

Gas chromatograph (GC Chromatography GC7890
T, China) equipped with a thermal conductivity de-
tector (TCD) and a GDX-102 packed column, FT-IR
spectrometer (Nicolet 6700, America), scanning elec-
tron microscope (SEM) (JEOL, JSM-6360 LV, Japan),
and a contact angle meter (JC2001, China) were
used.

Preparation of PFSA-TEOS/PAN hollow fiber
composite membrane

PFSA in granular form was dissolved in an aqueous
solution of 80 wt % ethylene glycol (EG) at 60°C to
make 5 wt % coating solution, then the insoluble
impurities were removed using a glass filter. After
the prescribed amount of TEOS per a weight of mix-
tures of PFSA and TEOS was mixed with the PFSA
in EG aqueous solution at 25°C, 1M HCl was added
to the mixtures of PFSA and TEOS as an acid cata-
lyst for the sol-gel reaction, which was the prepara-
tion of coating solution. PAN hollow fiber mem-
branes were immersed in the coating solution for
30 s by dip-coating method and then dried at room
temperature. Every fiber was coated twice, after the
membranes were coated for the second time, the
membranes were hanged inversely when being
dried. The final PFSA-TEOS/PAN hollow fiber com-
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posite membranes were obtained after being
annealed at different temperature and time in a vac-
uum drying oven.

PV process for dehydration of ethyl acetate-water
solutions

Figure 1 illustrates the schematic diagram of the PV
apparatus. The hollow fiber membrane cell has three
modules, and each module consists of three to five
fibers with lengths of 20 cm. The permeate side was
maintained at a vacuum pressure (2.6 kPa) using a
vacuum pump. The permeate vapor sample was col-
lected after being condensed in the cold traps using
liquid nitrogen.

Permeation flux (J, g/ m? h) of hollow fiber mem-
branes is defined as follows:

4%
I=ixa M)

where W is the total amount of permeate (g), t the
experimental time interval (h), and A the total outer
surface area of hollow fiber membranes (m?). The
composition of permeate and feed solution were an-
alyzed using a gas chromatograph at a temperature
of 120°C.

The separation factor («) is defined by:

o — (Yw/Yea )permeate )
(XW / XgA ) retentate

where Yw, Yga, Xw, and Xga are the weight frac-
tions of water and ethyl acetate in the permeate and
retentate, respectively.

Contact angle measurements

To measure the contact angles of PFSA/PAN and
PFSA-TEOS/PAN hollow fiber composite mem-
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Figure 1 Schematic diagram of the PV process apparatus.
1. temperature controller; 2. thermocouple; 3. heater; 4. water
bath; 5. feed solution tank; 6. membrane module; 7. vacuum
valve; 8. cold trap; 9. stopcock; 10 manometer; 11. absorbed
column; 12. buffer; 13. vacuum pump.
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Scheme 1 Hydrolysis and condensation reaction for
TEOS.

branes, the PFSA/PAN and PFSA-TEOS/PAN flat
composite membranes were prepared. The contact
angles for methylene iodide on the surface of PFSA
and PFSA-TEOS composite membranes were mea-
sured using a contact angle meter (JC2001, China) at
room temperature. The contact angles, 0, were deter-
mined by eq. (3).

0 = cos '{(cos8, — cos 6,)/2} 3)

where 0, and 0, are the advancing contact angle and
the receding contact angle, respectively.

Morphology of PFSA-TEOS/PAN composite
membranes

SEM was used to visualize the outer surface and
cross section morphology photographs of PAN sup-
port fibers and PFSA-TEOS/PAN composite mem-
branes. The cross section of hollow fibers for the
SEM was prepared after breaking the membranes in
liquid nitrogen to avoid destroying the structure of
fibers. All samples were sputter-coated with gold
before analysis.

RESULTS AND DISCUSSION

Formation of PFSA-TEOS top layer of PFSA-TEOS/
PAN composite membrane

Scheme 1 shows the process of the polycondensation
reaction of TEOS.**! In the first step of process of
preparing the PFSA-TEOS/PAN composite mem-
brane, TEOS was hydrolyzed in the presence of an
acid catalyst (A), which led to the formation of sila-
nol groups. The resulting silanol groups converted
to siloxane bonds due to the dehydration or dealco-
holysis reaction (B) with other silanol groups or
ethoxy groups. These reactions led to the formation
of cohesive siloxane domains in the top layer of
PFSA-TEOS/PAN composite membranes. Because
these siloxane domains were dispersed in the top
layer, the silanol groups in the siloxane domains and
the hydroxyl groups in PFSA formed hydrogen and
covalent bonds, which were the crosslinked points,
as illustrated in Scheme 2.

Journal of Applied Polymer Science DOI 10.1002/app
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Hydrogen bond

Scheme 2 Tentative illustration for the interaction

between PFSA and TEOS.

FT-IR analysis of top layer of PFSA-TEOS/PAN
composite membrane

Figure 2 shows the FT-IR spectra of recovered PFSA
sample and top layer of PFSA-TEOS/PAN compos-
ite membrane with 30 wt % TEOS. PFSA has strong
bands at 1155 and 1230 cm ™' which correspond to
the C-F stretching modes. The peaks at 1059 and
1084 cm ™' correspond to the Si—O—Si stretching
vibration, and the broad band near 3421 cm ™! corre-
sponds to the structural hydroxyl groups, and little
physisorbed water. These results suggest the forma-
tion of a crosslinked structure due to the sol-gel
reaction, in which the silanol groups in the tetrasila-
nol silane (TSS) produced by the hydrolysis of
TEOS reacted with the hydroxyl groups in the PFSA
molecule.

Effect of the TEOS concentration on PV
performance of PFSA-TEOS/PAN composite
membranes

Figure 3 shows the effect of the TEOS concentration
in coating solution on the separation factor (o) and
the permeation flux (J) of an aqueous solution of 98
wt % ethyl acetate through the PFSA/PAN and
PFSA-TEOS/PAN composite membranes by PV at

T (%)
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Figure 2 FT IR spectra of recovered PFSA and top layer
of the PFSA-TEOS/PAN composite membrane.
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Figure 3 Effect of the TEOS concentration on the PV per-
formance for the aqueous solution of 98 wt % ethyl acetate
through the PFSA-TEOS/PAN composite membranes at
40°C. The annealing temperature was 90°C, annealing time
12 h.

40°C. The annealing temperature was 90°C, and
annealing time 12 h. As shown in Figure 3, PFSA/
PAN composite membrane had high permeation
flux, and low separation factor, while for PFSA-
TEOS/PAN composite membrane, the separation
factor increased remarkably with TEOS concentra-
tion up to 30 wt % in coating solution, however, its
selectivity towards water decreased when the TEOS
concentration was further increased. Increase in the
separation factor may be because the top layer
became denser and the degree of swelling of PFSA
was decreased remarkably with increasing TEOS
concentration. However, decrease in the separation
factor of PFSA-TEOS/PAN composite membrane
containing more than 30 wt % TEOS may be attrib-
uted to the cohesive effect of TEOS. The organic and
inorganic components were homogeneously mixed
in the composite membranes at low TEOS concentra-
tion, whereas cohesive bodies of TEOS are formed
and a microphase-separated structure was obtained
for membranes at high TEOS concentration, where
the crosslinking reaction between PFSA and TEOS
was less favored because of precedence of the poly-
condensation reaction among the TEOS molecules.
Therefore, an increase in the permeation flux and a
decrease in the water—ethyl acetate selectivity were
observed. The addition of TEOS to PFSA for prepa-
ration of composite membrane was suitable and
effective for the separation of the ethyl acetate-water
solution, when the TEOS concentration in coating so-
lution was below 30 wt %.

Figure 4 shows effect of TEOS concentration in
coating solution on the contact angles for methylene
iodide on the surface of PFSA/PAN and PFSA-
TEOS/PAN composite membranes. Since methylene
iodide was used for the measurement of the contact
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Figure 4 Effect TEOS concentration on contact angle for
methylene iodide on the surface of PFSA/PAN and PFSA-
TEOS/PAN composite membranes.
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angle of the membrane surface, a higher contact
angle implies a more hydrophilic membrane surface.
As seen in Figure 4, with increasing TEOS concentra-
tion, the contact angle increased. This result suggests
that the surface of the membrane became more
hydrophilic, which is helpful to increase the selectiv-
ity of PFSA-TEOS/PAN composite membranes, and
also supports the results in Figure 3 when TEOS
concentration of PFSA-TEOS/PAN composite mem-
brane was less than 30 wt %.

The membrane morphology of outer surfaces of
PFSA-TEOS/PAN composite membranes with differ-
ent TEOS concentration in coating solutions was
shown in Figure 5. The TEOS concentration in PFSA-
TEOS coating solution has obvious effect on the sur-
faces of composite membranes. The outer surface of
PFSA /PAN composite membrane is rough as shown
in Figure 5(B), and the addition of TEOS makes the
outer surfaces of composite membranes smooth and

lum BB0E

Figure 5 SEM photographs of Outer surface of PEFSA-TEOS/PAN composite membranes with different TEOS concentra-
tion in coating solution. A: PAN support membrane; B: PFSA/PAN; C: PFSA-TEOS/PAN (5 wt % TEOS); D: PFSATEOS/

PAN (30 wt % TEOS); E: PFSA-TEOS/PAN (50 wt % TEOS).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Effect of the annealing temperature on PV per-
formance for the aqueous solution of 98 wt % ethyl acetate
through the PFSA/PAN and PFSA-TEOS/PAN composite
membranes with 5 and 30 wt % TEOS at 40°C. The anneal-
ing time was 12 h.

dense gradually. However, many cracks appear on
the outer surface of PFSA-TEOS/PAN composite
membrane with 50 wt % TEOS. An increase of the
TEOS concentration in coating solution enhances the
degree of compactness of top layer and weakens pli-
ability of PFSA at the same time, which results in
the appearance of some cracks when TEOS concen-
tration is too high. These cracks also may be the rea-
son for the decrease of the separation factor and the
increase of permeation flux.

Effect of annealing on PV performance of PFSA/
PAN and PFSA-TEOS/PAN composite membranes

It has been reported that the polycondensation reac-
tion of TEOS strongly depends on the annealing
temperature and time,”** and the structure of the
resulting membranes was significantly influenced by
these factors. Therefore, to prepare composite mem-

Journal of Applied Polymer Science DOI 10.1002/app
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branes with better permeation and separation char-
acteristics, the effects of annealing on PV perform-
ance were investigated.

Figure 6 shows effect of the annealing temperature
on the separation factor (o) and the permeation flux
(J) for the aqueous solution of 98 wt % ethyl acetate
through the PFSA/PAN and PFSA-TEOS/PAN com-
posite membranes with 5 and 30 wt % TEOS. In this
case, the annealing time was fixed for 12 h and the
annealing temperatures were 60, 90, 120, and 150°C,
respectively. As shown in Figure 6, the PFSA-TEOS/
PAN composite membrane had better separation
characteristics than the PFSA/PAN composite mem-
brane over the entire range of annealing tempera-
tures. The separation factor and the permeation flux
for PFSA/PAN and PFSA-TEOS/PAN composite
membranes were the functions of annealing temper-
ature, as the annealing temperature increased, the
separation factor increased while the permeation
flux decreased. When the annealing temperature was
high, the crosslinking reaction between PFSA and
TEOS molecules and the polycondensation reaction
of TEOS in PFSA-TEOS/PAN composite membranes
proceeded completely, which resulted in smaller net-
work pore and aggregate pore size and decreased
fractional free volume. Those effects made the sepa-
ration factor higher and permeation flux smaller.
However, the apparent fractional free volume
increased with increasing annealing temperature,
which was helpful to increase permeation flux of
composite membranes. The coupling effects made
the decreasing extent of permeation flux smaller.****
So the separation factor of the PFSA-TEOS/PAN
composite membranes increased remarkably with
increasing the annealing temperature, while the
decrease of permeation flux of PFSA-TEOS/PAN
composite membrane was smaller.

As seen in Figure 7, the coating layers with the
thickness of about 2-5 pm were clearly found on the
pictures for near outer surfaces. With increasing
annealing temperature, the traces of juncture in cross
sections between coating layer and the support dis-
appear gradually, and the outer surface of PFSA-
TEOS/PAN composite membrane become smoother,
which indicates the composite membranes become
denser with increasing annealing temperature. The
denser top layer of PFSA-TEOS/PAN composite
membrane makes an increase of separation factor,
which is in agreement with the experimental results.

Figure 8 shows the effect of the annealing time on
the separation factor (o) and permeation flux (J) of
PFSA/PAN and PFSA-TEOS/PAN composite mem-
branes with 5 and 30 wt % TEOS. In Figure 8 the
annealing temperature of PFSA/PAN and PFSA-
TEOS/PAN composite membranes was fixed at
90°C, and the annealing time was changed. The
effect of annealing time on PV properties of PFSA-



PFSA-TEOS/PAN HOLLOW FIBER COMPOSITE MEMBRANES 4031

Figure 7 SEM photographs of PFSA-TEOS/PAN composite membrane with 30 wt % TEOS at different annealing temper-
ature. A: unannealed; B: 60°C; C: 90°C; D: 120°C; E: 150°C.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Effect of annealing time on PV performance for
the aqueous solution of 98 wt % ethyl acetate through the
PFSA/PAN and PFSA-TEOS/PAN composite membranes
with 5 and 30 wt % TEOS at 40°C. The annealing tempera-
ture was 90°C.

TEOS/PAN composite membranes followed the
same trends as annealing temperature. As seen in
Figure 8, the separation factor of all membranes
increased, while their permeation flux decreased
with increasing annealing time. From these results, it
is concluded that the crosslinking reaction between
the PFSA and TEOS and the polycondensation reac-
tion of TEOS proceeded more completely with
increasing annealing time, resulting in smaller net-
work pore and aggregate pore size and decreased
fractional free volume.

For all the composite membranes, the annealed
PFSA/PAN and PFSA-TEOS/PAN composite mem-
branes had higher separation factor for water perm-
selectivity than those of untreated composite mem-
branes. As shown in Figures 6 and 8, for the PFSA-
TEOS/PAN composite membrane with 30 wt %
TEOS, the separation factor (o) was changed from
325 to 1070 with increasing annealing temperature

Journal of Applied Polymer Science DOI 10.1002/app

YUAN ET AL.

from 60 to 150°C, while that was changed from 249
to 518 with increasing annealing time from 0 to 24 h.
This fact suggests that varying the annealing temper-
ature was more effective for improving separation
characteristics of the PFSA-TEOS/PAN composite
membrane than varying the annealing time.

Effect of the feed solution temperature on PV
performance of PFSA/PAN and PFSA-TEOS/PAN
composite membranes

The effect of the feed solution temperature on the
PV performance of the PFSA/PAN and PFSA-
TEOS/PAN composite membranes for aqueous solu-
tion of 98 wt % ethyl acetate is shown in Figure 9,
the annealing temperature of composite membranes
was 90°C, the annealing time 12 h. In general, the
permeation flux increases and the separation factor
decreases, as the feed solution temperature increases.
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Figure 9 Effect of the feed solution temperature on PV
performance for the aqueous solution of 98 wt % ethyl ace-
tate through the PFSA/PAN and PFSA-TEOS/PAN com-
posite membranes with 5 and 30 wt % TEOS. The anneal-
ing temperature was 90°C, annealing time 12 h.



PFSA-TEOS/PAN HOLLOW FIBER COMPOSITE MEMBRANES 4033

8.0 O PFSA/PAN
F e O PFSA-TEOS/PAN (5wt% TEOS)
75k g & PFSA-TEOS/PAN (30wi% TEOS)
T
7.0 T
Ea=24.65 KJ/mol —
E\ a
“g 65F O - Ea=17.94 KJ/mol
RS o ;/ a=17. 'mo
T S T 0
2 60F T
= \A\'\,,\/ Ea=30.16 KJ/mol
55¢
Tl
50 | I I I I I P

3.00  3.05 3.0 315 320 325 3.30
1000/T (K™

Figure 10 The activation energy required for pervapra-
tion permeation of 98 wt % ethyl acetate aqueous solution
through PFSA/PAN and PFSA-TEOS/PAN composite
membranes.

The permeation and separation behavior of PFSA/
PAN and PFSA-TEOS/PAN composite membranes
matched well with the general behavior with
increasing feed solution temperature from 30 to
60°C. As feed solution temperature increased, the
mobility of top layer of PFSA-TEOS/PAN composite
membranes was enhanced, and the free volume
within the polymer matrix was expanded. The gen-
erated extra free volume was helpful to increase the
sorption and diffusion rates of permeate molecules.
Thus, the permeation flux increased. This type of
increase in free volume of the polymer matrix will
also result in an easy transport of organic compo-
nent. Consequently, the membrane selectivity to
water will be reduced.

The activation energy (AE,) lumps together the
effects of sorption, diffusion, and saturation pressure
on the driving force. For instance, diffusion as an
activated process increases with temperature due to
higher mobility of the molecules. The activation
energy required for permeation of 98 wt % ethyl ace-
tate aqueous solution through PFSA/PAN and
PFSA-TEOS/PAN composite membranes was calcu-
lated on the basis of the Arrhenius equation, as
shown in Figure 10.

The activation energy (AE;) of PFSA/PAN, PFSA-
TEOS/PAN composite membranes with 5 and 30 wt
% TEOS were 24.65, 17.94, and 30.16 KJ/mol, respec-
tively. The activation energy indicated that tempera-
ture variation affected the permeation behavior of
components in membranes significantly, and the
presence of TEOS in PFSA-TEOS coating solution
formed a dense top layer of PFSA-TEOS/PAN com-
posite membranes.

Effect of the feed concentration on PV performance
of PFSA/PAN and PFSA-TEOS/PAN composite
membranes

Figure 11 shows the effect of changes in the feed
concentration on the PV performance of ethyl ace-
tate-water mixture at 40°C. The composite mem-
branes were annealed at 90°C for 12 h. The feed con-
centration ranged from 97 to 99 wt % of ethyl acetate
aqueous solution in feed solution, which was chosen
by considering the azeotropic mixture of ethyl ace-
tate and water with miscible phase occurring at com-
positions more than 97 wt % ethyl acetate. It was
found that the permeation flux of composite mem-
branes decreased whereas the separation factor
increased gradually as the ethyl acetate in feed solu-
tion increased. The reason is that the swelling degree
of PFSA, the mobility of PFSA chains, and the free
volume of PFSA-TEOS top layer decreased with
increasing ethyl acetate concentration in the feed,
which led the sorption and diffusion of water and
ethyl acetate to decline. As reported by Bartels and
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Figure 11 Effect of the solution concentration on PV per-

formance through the PFSA/PAN and PFSA-TEOS/PAN

composite membranes with 5 and 30 wt % TEOS at 40°C.
The annealing temperature was 90°C, annealing time 12 h.
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TABLE I
Permeation and Separation Characteristics for Pervaporation Dehydration of Ethyl Acetate Aqueous Solutions Through
Some Polymer Membranes?®

Membrane Feed comp. (wt%) T (°O) J(g/ m? h) QF,0/EAc Ref.
PVA (cross-linked by Tac) EAc/H,O = 98/2 30 31.99 (Jw) 5202 10,12
Standard PVA (G.E.T.) EAc/HAc/H,O = 40/50/10 65 46.7 (Jw) 72 13,14
PFSA /PANP EAc/H,O = 98/2 40 1430 30.8 This study
PFSA-TEOS/PAN (5 wt % TEOS)? EAc/H,O = 98/2 40 513 254 This study
PFSA-TEOS/PAN (30 wt % TEOS)® EAc/H,O = 98/2 40 205 496 This study

? EAc-Ethyl acetate; HAc-acetic acid; Jw-the water flux.
> Annealed at 90°C, 12 h.

Li,*>*¢ the characteristics of the sorption depended
on the difference between the affinity of the compo-
nents towards the polymer, the mutual interactions
with the components, and the way the interactions
with the polymer of each component affected the
interactions of the other penetrates with the polymer.
In addition, ethyl acetate molecules with larger size
would experience much bigger diffusion resistance.
Therefore, the separation factor increased accompa-
nying with the decrease in permeation flux with
increasing the ethyl acetate concentration in feed so-
lution. For instance, the separation factor (a) of
PFSA-TEOS/PAN composite membrane with 30 wt %
TEOS was changed from 179 to 1196, while its
permeation flux (/) was decreased from 520 to 75 g/
m” h with increasing the feed concentration of ethyl
acetate from 97 to 99 wt %.

Performance of PFSA-TEOS/PAN composite
membranes

In Table I, the permeation and separation character-
istics for an ethyl acetate aqueous solution through
water permselective polymer membranes during PV
are summarized. The permeation fluxes for PFSA/
PAN and PFSA-TEOS/PAN composite membranes
are relatively higher than those for other mem-
branes, although the separation factor of PFSA/PAN
and PFSA-TEOS/PAN composite membranes are
smaller. Compared with PFSA/PAN composite
membrane, the separation factor of the PFSA-TEOS/
PAN composite membrane was significantly
enhanced. These results suggest that the addition of
TEOS to PFSA is very effective, and it controlled the
swelling of PFSA in aqueous solution and enhanced
the separation factor consequently. This study sug-
gests a possibility of appearance of novel PFSA-
TEOS/PAN composite membranes.

CONCLUSIONS

The PFSA-TEOS/PAN composite membranes were
prepared by the sol-gel reaction of PFSA and TEOS
for dehydration of ethyl acetate aqueous solutions.
The swelling of PFSA in ethyl acetate aqueous solu-

Journal of Applied Polymer Science DOI 10.1002/app

tions was inhibited with addition of TEOS. The
PFSA-TEOS/PAN composite membranes containing
up to 30 wt % TEOS in coating solution exhibited
higher selectivity towards water, however, its selec-
tivity decreased when the TEOS concentration was
further increased, and the permeation flux increased
again. With increasing annealing temperature and
time of composite membranes, the separation factor
increased, while the permeation flux decreased. For
the PFSA/PAN and PFSA-TEOS/PAN composite
membrane with 5 and 30 wt % TEOS annealed at
90°C for 12 h, their PV performance of aqueous solu-
tion 98 wt % ethyl acetate were as follows: the sepa-
ration factors were 30.8, 254, and 496, while their
permeation flux were 1430, 513, and 205 g/ m? h at
40°C, respectively. In addition, the feed solution tem-
perature and concentration had remarkable effects
on the PV performance of PFSA/PAN and PFSA-
TEOS/PAN composite membranes. From the above
results, it is clear that the novel PFSA-TEOS/PAN
composite membrane could offer potential for dehy-
dration of ethyl acetate—water binary solutions.
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