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SYNOPSIS

The pervaporation separation and the swelling behavior of acetic acid—water mixtures
were investigated at 30, 40, and 50°C using the crosslinked poly(vinyl alcohol) (PVA)
membranes with varying the poly(acrylic acid) (PAA) contents and the acetic acid
concentration in the feed mixture. Typically, for the pervaporation separation of 90 wt
% acetic acid in the feed, the PVA/PAA = 75/25 membrane gives the separation factor
of 795 and the flux of 5.6 g/m? h at 30°C, respectively. The swelling degree decreases
as the PAA content in the membrane decreases to 20 wt % of PAA due to the increase
of the crosslinking portion in the membrane and increases beyond this PAA content. The
swelling degrees show fairly high at the operating temperatures and the total range of
the liquid mixtures in question. The overall activation energy of permeation was also
calculated using an Arrhenius type relationship. From this study, it could be concluded
that the diffusion step is dominant over the sorption step. © 1997 John Wiley & Sons, Inc.

INTRODUCTION

In recent years there has been increased interest
in the use of the pervaporation membrane separa-
tion process for separation of organic liquid mix-
tures, since the pervaporation technique is consid-
ered to be an energy-saving process. Compared to
the ethanol—water system on which many perva-
poration researchers have focused, the separation
of other mixtures has received relatively little at-
tention. Acetic acid is known to rank among the
top 20 organic intermediates in the chemical in-
dustry.! Because of the small differences in the
volatilities of water and acetic acid in dilute solu-
tion, azeotropic distillation is used. Therefore, the
acetic acid separation from water is an energy-
expensive process.”

Yoshikawa et al.? have studied the separation
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of the acetic acid—water system by pervaporation
technique using poly(acrylic acid-acrylonitrile)
membranes. They achieved the high separation
factors, but the permeation rates obtained were
very low. Nguyen et al.? reported the membrane
material selection for the dehydration of water—
acetic acid mixtures using poly(vinyl alcohol)
(PVA) as the base polymer. They also used the
blended film of PVA and poly (acrylic acid ) (PAA).
When, however, the ratio of the PVA and PAA
blends was 1 : 1, the selectivity and the perme-
ation rate for the mixture of water—acetic acid
10: 90 (wt %) was in the range of 6—6.6 and 0.06—
0.30 kg/m? h, respectively. They concluded that
the PVA-poly(hydroxycarboxylic acid) blended
membrane which selectivity and permeation rate
showed 7.9 and 0.06 kg/m? h, respectively, was
the most suitable membrane material for the de-
hydration of water—acetic acid mixtures. Huang
et al.! also investigated the separation of water—
acetic acid mixtures using PAA—Nylon 6 blended
membranes. They showed the relatively high sep-
aration factor of 82.3 for the feed concentration of
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24.18 mol % H,0 at 15°C. And also they concluded
that blending a hydrophilic polymer with a rela-
tively hydrophobic polymer could be a useful
technique for producing improved permselective
membranes. Huang and Rhim* have tried the
modification of PVA using maleic acid in trietha-
nolamine/water catalyst solution and to separate
the entire range of the water—acetic acid solution.
They obtained the separation factor 7.8 at 70 wt
% water in the feed at 25°C. Yeom® has developed
the noble crosslinked PVA membranes using two
types of crosslinking agent resulted from the reac-
tions between 3,3',4,4'-benzophenone tetracar-
boxylic dianhydride (BTDA) and p-phenylene di-
amine (p-PDA), and between BTDA and m-PDA.
The applications of these membranes to the dehy-
dration of water—acetic acid mixtures at fairly
high operating temperatures showed relatively
high separation factors which ranged from 75 to
150 for the feed composition of 10 wt % water.
And also, very recently, the Korea Research Insti-
tute of Chemical Technology (KRICT) investi-
gated to develop the crosslinked PVA membranes
using glutaraldehyde (GA) as the crosslinking
agents and applied to the separation of water—
acetic acid mixtures.®” In their investigation, the
separation factor and the permeation rate using
the membrane crosslinked with 5 vol % GA solu-
tion showed 420 and 30 g/m? h, respectively, at
35°C for 90 wt % acetic acid in the feed.

This paper is a continuation of the previous pa-
pers which dealt with the membranes’ characteriza-
tion,® pervaporation separations of water—phenol
mixtures,® and water—alcohol mixtures.'®!"'? In
this paper, the pervaporation separation of water—
acetic acid mixtures using various PVA membranes
crosslinked with PAA as the crosslinking agent was
investigated experimentally at 30, 40, and 50°C.
Also, the swelling measurement was carried out at
the same experimental conditions with the perva-
poration experiment. The overall activation energy
of permeation was calculated using an Arrhenius
type relationship.

EXPERIMENTAL

Materials

Fully hydrolyzed PVA with molecular weight of
50,000 and PAA with molecular weight of 2,000
(25 wt % in water) were purchased from Showa
Chemical Co., respectively. The acetic acid was

analytical grade from Merck. Used water was the
ultra-pure produced from MPI system.

Membrane Preparation

Aqueous 10 wt % PVA solutions were prepared
by dissolving preweighed quantities of dry PVA
in ultra-pure water and heating at 90°C for at
least 6 h. Aqueous 25 wt % PAA solutions were
diluted to 10 wt % solutions. Then two polymer
solutions were mixed together by varying each
component composition to form a homogeneous
solution for at least 1 day at room temperature.
Homogeneous membranes were cast onto a Plexi-
glas plate using a Gardner knife with predeter-
mined drawdown thickness. The membranes were
allowed to dry in air at room temperature, and
completely dried membranes were then peeled off.
The dried blended membranes were heated in a
thermoset oven for desired reaction time, 1 h, and
temperature, 150°C. The resulting membranes
were then stored in solutions to be separated for
further use.

Swelling Measurement

The sorption capacity of the membrane was mea-
sured by immersing the membrane samples in the
same range of acetic acid—water mixtures at 30,
40, and 50°C. After wiping with the cleansing tis-
sue, the membranes were weighed as quickly as
possible. This procedure was repeated about 20
times until satisfactory reproducibilities were ob-
tained. Then the samples were dried in a vacuum
oven at room temperature to a constant weight.
The swelling degrees, @, were calculated by using

Q:wx 100
mo

where m is the mass of the swollen sample and
my is the original mass.

Pervaporation

The apparatus used in this study is illustrated in
Ref. 2. The pervaporation separation experiments
were performed employing two stainless steel per-
vaporation cell (Ref. 2). The detailed descriptions
can be referred to ref. 2. The pervaporation experi-
ments of acetic acid—water mixtures were con-
ducted at 50, 60, and 70°C. Upon reaching steady
state flow conditions, product samples were col-
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Figure 1 Swelling degrees for (a) 70 wt % acetic acid in
the feed, (b) 80 wt % acetic acid in the feed, and (c¢) 90 wt
% acetic acid in the feed at 30, 40, and 50°C using the
crosslinked PVA membranes with varying PAA contents.

lected with timed intervals, isolated from the vac-
uum system, and weighed. The composition anal-
ysis of the permeate was done using gas chroma-
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tography. The following relationship was used to
calculate the separation factor:

(y; /yj)

dil = (2x; /xj)

where x is the feed composition, y is the permeate
composition, and component i is the preferentially
permeating component.

RESULTS AND DISCUSSION

Swelling Behavior of Crosslinked PVA Membranes

Generally speaking, as the crosslinking density
in a membrane increases, the resulting mem-
brane has a more compact polymeric network
structure leading to less solubility of a single com-
ponent in a liquid mixture and less polymeric
chain mobility due to less free volume in the mem-
brane. Therefore, both the solubility and diffusiv-
ity of a permeant through the crosslinked mem-
brane have a tendency to decrease in the perva-
poration process. However, the solubility property
could be changed not only by the chemical proper-
ties of the crosslinked agent but by the immersion
of the membrane in the liquid mixture. Further-
more, an increase in the swelling degree results
in the increase of the diffusivity due to the plasti-
cizing effect, which means the decrease of an en-
ergy required for diffusive transport through the
membrane.

Figure 1(a) shows the swelling behavior of the
various crosslinked PVA membranes with the
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Figure 2 Permeation rates for 70 wt % acetic acid in
the feed at 30, 40, and 50°C using the crosslinked PVA
membranes with varying PAA contents.
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PAA as the crosslinking agent for acetic acid :
water = 70 : 30 mixture at 30, 40, and 50°C. As
the temperature increases, the swelling degree,
@, increases slightly for the same membrane. This
could be explained by the free volume concept de-
scribed in the above. Since the swelling ratio indi-
cates 1.36 to 1.41 at 30°C, this membrane has a
high affinity to the liquid mixture in question.
With increasing the PAA content, the swelling ra-
tio of the membranes in acetic acid—water mix-
ture decreases until 20 wt % of PAA and then
increase beyond this point. Yeom and Lee® re-
ported that the aldehyde group has an affinity to
both acetic acid and water. Therefore, it can be
said that the crosslinking density and the alde-
hyde groups affect the swelling behavior of the
resulting membranes, i.e., more crosslinks make
the membrane more swollen while fewer cross-
links make it less swollen. It is clear from the
previous IR studies® that the crosslink portions
increase quantitatively in the resulting mem-
brane beyond 20 wt % PAA, but it is not propor-
tional to the quantity of PAA content. This means
that there would be still unreacted carboxylic acid
in the resulting membrane. However, it can be
seen that the swelling ratio increases even if the
crosslinking degree increases. Since both poly-
mers, PVA and PAA, and both solvents, acetic
acid and water, are donors and acceptors of hydro-
gen bonds in these systems, it is practically impos-
sible to realize what the dominating interactions
would be.

Figure 1(b) and (c) illustrate the same trend
with the previous Fig. 1(a). As can be seen, the
water concentration in the mixture decreases, the
swelling degree decreases. Since the membrane
used in this study is highly hydrophilic, this phe-
nomenon is very general in the pervaporation
area, i.e., the solution uptake would be smaller
when the water concentration is smaller in the
mixture.

Pervaporation Analysis

Fig. 2 shows the permeation rates for acetic acid
70 wt % in the feed at various operating tempera-
tures. As can be seen, the permeation rate in-
creases with increasing the operating tempera-
tures, while it decreases with increasing the PAA
content in the resulting membrane. As the cross-
linking density in a polymer increases, the re-
sulting material has a more compact network
structure, resulting in less chain mobility. There-
fore, the free volume in the polymer and the
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Figure 3 Separation factors for 70 wt % acetic acid
in the feed at 30, 40, and 50°C using the crosslinked
PVA membranes with varying PAA contents.

amount of solvent swelling decrease, '’ since PVA
is a well-known water-soluble polymer, in other
words, highly hydrophilic material. In fact, as the
hydroxyl content in PVA increases, the content of
water in the permeate increases.® Also, Nguyen
et al.? reported that the polyacid component fa-
vored the transport of water over that of acetic
acid by preferential interactions. Therefore, the
resulting just-blended polymer, PVA and PAA,
would give more water permeation than the acetic
acid permeation. They also reported that the
blends with the polyacid lead to a more cohesive
network in the liquid mixture due to the interac-
tions between the two polymer species. However,
when the flux is combined with the swelling ratio,
it is consistent below the 20 wt % PAA content in
the membrane, and not at 25 wt % PAA. It could
be considered that the kinetic effect would affect
the total flux rather than the thermodynamic ef-
fect at this point. Since the molecular size of the
acetic acid is larger than that of water, the more
compact network by the increase of the crosslink-
ing degree due to the increase of PAA content
hinders the transport of larger component in the
feed. Therefore, the separation factor increases
even though the swelling degree increases as can
be seen in Figure 3. At this composition, the sepa-
ration factor 581 and the permeation rate 33.7 g/
m? h are obtained, respectively.

Figure 4 illustrates the permeation rates for 80
wt % acetic acid in the feed, the same trend as in
Figure 2 can be obtained. However, the flux itself
is less than that for 70 wt % acetic acid in the
feed, as expected. The decrease of weight fractions
of water in the feeds causes a strong hydrogen
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Figure 4 Permeation rates for 80 wt % acetic acid in
the feed at 30, 40, and 50°C using the crosslinked PVA
membranes with varying PAA contents.

bonding interaction among carboxyl or carbonyl
groups. This strong self-interaction hinders the
incorporation of water into the membrane. As a
result, the flux decreases with decreasing the wa-
ter concentration in feed. The separation factors
are shown in Figure 5. When compared to the
case of 70 wt % acetic acid in the feed, the flux is
smaller, while the separation factors are larger.
The separation factor and the flux give 602 and
14.4 g/m? h, respectively, at 30°C when using
PVA/PAA = 75/25 membrane.

The results of the separation factor and the flux
for 90 wt % acetic acid in the feed are shown in
Figures 6 and 7, respectively. The separation fac-
tor of 795 at 30°C is obtained while the perme-
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Figure 5 Separation factors for 80 wt % acetic acid
in the feed at 30, 40, and 50°C using the crosslinked
PVA membranes with varying PAA contents.
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Figure 6 Permeation rates for 90 wt % acetic acid in
the feed at 30, 40, and 50°C using the crosslinked PVA
membranes with varying PAA contents.

ation rate is 5.6 g/m? h. This indicates that the
water concentration in the permeate is 98.9 wt %.

Arrhenius Plot of Permeation Rate

The temperature dependence of the permeation
rate can be expressed by an Arrhenius type rela-
tionship®

-E
J, =4, exp<RTp> (1)

where A, and E, are the preexponential factor
and the overall activation energy of permeation,
respectively. Since the selectivities are governed
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Figure 7 Separation factors for 90 wt % acetic acid
in the feed at 30, 40, and 50°C using the crosslinked
PVA membranes with varying PAA contents.
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Figure 8 Arrhenius plots of individual component
fluxes [(a) acetic acid and (b) water] through PVA
membranes crosslinked with varying PAA contents.

by the sorption and the diffusion rates of the com-
ponents at the same time, the E, value should be
dependent on both the diffusive activation energy,
E,, in the diffusion step and the heat of sorption,
AH, in the sorption step, as follows.

E, = AH + E, (2)

Figure 8 shows the Arrhenius plots of the calcu-
lated individual component fluxes [(a) acetic acid,
(b) water] using eq. (1) with varying the PAA
content in the membrane for 90 wt % acetic acid
concentration. Figure 9 illustrates the calculated
E, values from Figure 8. The larger solubility of
the mixture leads to the smaller heat of sorption,
AH . In the case of PVA/PAA = 90/10 membrane
it could be predicted from eq. (2) that the diffusion
step would be dominant over the sorption step
since the solubility is quite high at this PAA con-

tent, resulting in small heat of sorption, as can be
seen in Figure 1. The solubility decreases as the
PAA content increases due to the increase of the
crosslinking degree. Therefore, the same trend for
the PAA = 10 wt % in the membrane is shown to
PAA = 20 wt %. At PAA = 25 wt %, the sorption
step would affect more than that of lower PAA
content. However, it is not clear which step is
dominant in this case from the swelling study.

CONCLUSIONS

The pervaporation separation and the swelling
behavior of acetic acid—water mixtures were in-
vestigated at 30, 40, and 50°C using the cross-
linked PVA membranes with varying the PAA
contents and the acetic acid concentration in the
feed. For the pervaporation separation of 80 wt %
acetic acid in the feed, the PVA/PAA = 75/25
membrane shows the separation factor of 602 and
the flux of 14.4 g/m? h at 30°C, respectively. And
also, for the pervaporation transport studies of 90
wt % acetic acid solution, the same membrane
gives the separation factor 795 and the flux 5.6 g/
m? h, respectively. The swelling degree decreases
as the PAA content in the resulting membrane
decreases to 20 wt % of PAA due to the increase
of the crosslinking portion and increase beyond
this PAA content. The swelling degrees show
fairly high at the operating temperatures and the
total range of liquid mixtures in question. The
overall activation energy of permeation was also
calculated using an Arrhenius type relationship.
From this swelling study, it could be concluded
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Figure 9 Permeation activation energies calculated
from Figure 8.



that the diffusion step is dominant over the sorp-
tion step since the solubility is quite high at this
PAA content, leading to a small heat of sorption.
However, it is not clear which step is dominant
for 25 wt % of PAA content.
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