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ABSTRACT

In the present work, cobalt(III) acetylacetonate [Co(acac);] was added to polycar-
bonate (PC) to improve its performance on pervaporation separation of water/ethanol
mixtures. By adding 3 wt% of Co(acac)s, the resulting PC/Co(acac); complex mem-
brane possessed a permeation rate similar to a pure polycarbonate membrane, but
the separation factor (water/ethanol) was about three times higher. The stability of
the complex membrane was tested, and it was found that, after being immersed in
an aqueous ethanol solution for 72 hours, the complex membrane was still stable.
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1955

Copyright © 1998 by Marcel Dekker, Inc. www.dekker.com



11: 20 25 January 2011

Downl oaded At:

1956 CHEN ET AL.

In addition, the effects of the added amount of Co(acac); and the feed composition
on pervaporation performance are presented in this work, and the mechanism of the
improvement in pervaporation performance is briefly discussed.

Key Words. PC/cobalt(IIl) acetylacetonate membrane; Pervapora-
tion separation index value; Solubility ratio; Pervaporation

INTRODUCTION

Pervaporation is an efficient process for the separation of azeotropic mix-
tures, close-boiling-point mixtures, and structural isomers (1-3). In the pres-
ent work, preparation of membranes suitable for the pervaporation separation
of water—ethanol solutions is discussed. Both ethanol-selective and water-
selective membranes can be applied to the pervaporation of water/ethanol
solutions (4—6). Although many researchers have focused on synthesizing
ethanol-selective membranes (7-9), water-selective membranes are, in fact,
more common. It is known that the pervaporation performance of water-
selective membranes can be improved by elevating the hydrophilicity of the
membranes. For example, it has been reported that y-ray irradiation, chemical
grafting, and plasma deposition (10-12) can increase the hydrophilicity of
membranes, and the pervaporation performance can thus be improved. An-
other efficient method to improve pervaporation performance is to add salt
to the casting solution to form polymer/salt complex membranes (13-15),
which is the focus of the present work.

It has been reported that the addition of salt in membranes can enhance
the pervaporation flux (13-15). It has also been observed that adding a small
amount of salt in the feed can elevate the selectivity of membranes drastically
(16). However, when polymer/salt complex membranes are used as perva-
poration membranes, the stability of the salt content in the membranes has
always been a problem because the salt might dissolve in the liquid feed (17).
How to retain the stability of the salt in membranes is very important in the
application of polymer/salt complex membranes to pervaporation.

Inthe present work a cobalt salt, cobalt(IHT) acetylacetonate [Co(acac);], was
added in the polycarbonate (PC) membranes to improve its performance on per-
vaporation separation of water/ethanol mixtures. It will be shown that this
polymer/salt complex membranes possesses good stability and has a separation
factor three times higher than that of the pure polycarbonate membranes.

EXPERIMENTAL
Materials

Polycarbonate (Upsilon S-2000) (MW = 28,000) was purchased from Mit-
subishi Gas Chemical Company, and dichloromethane and cobalt(III) acetyla-
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cetonate [Co(acac);] were supplied by Merck Company. The above-men-
tioned chemicals were all of reagent grade.

Membrane Preparation

The PC membranes were prepared from a casting solution of polycarbonate
in dichloromethane. The PC/Co(acac); membranes were prepared from
PC/dichloromethane casting solutions containing various amounts of co-
balt(III) acetylacetonate (1-7.5 wt%). The membranes were formed by cast-
ing the solution onto a glass plate to a predetermined thickness (350 pm)
using a Gardner knife at room temperature. The membranes were dried at
room temperature for 30 minutes. The membranes were then peeled off and
put in a vacuum for 24 hours before sorption and pervaporation measurements.
According to SEM analysis, the prepared membranes are dense and symme-
tric, with a thickness ranging from 25 to 30 pwm. It should be noted that the
membrane thickness is independent of the cobalt salt content.

Pervaporation Experiment

A traditional pervaporation setup was used (9). In pervaporation the feed
solution is in direct contact with the membrane. The effective membrane area
was 10.2 cm?. The upstream pressure was 1 atm and the downstream was
vacuumed to about 3 mmHg (400 Pa). The feed temperature was controlled
at 25°C. Before sampling, 90 minutes was allowed to let the system reach
the steady state. The permeate collection time was 30 minutes. The permeation
rate was determined by measuring the weight of permeate, and the composi-
tions of the feed solution and the permeate were determined by gas chromatog-
raphy (GC China Chromatography). The separation factor, asp, is defined
as

aap = (Ya/Y)/(Xa/Xp)
where X5, Xp and Y,, Yy are the weight fractions of A and B in the feed and
in the permeate (A represents the more permeative species), respectively.
Contact Angle Measurements

The contact angle of water was measured with a FACE contact angle meter
(CA-D type, Kyowa Interface Science Co.). The reported data for each sample
were the average of three measurements, and the standard deviation was about
3%.

Sorption Measurements

The membranes was immersed in the ethanol-water mixture for 24 hours
at 25°C. They were subsequently blotted between tissue paper to remove
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excess solvent and were then placed in the left half of a twin tube setup.
Desorption was then performed: the system was evacuated for 30 minutes
while the left tube was heated with hot water (90°C), and the right tube was
cooled in liquid nitrogen. The composition of the condensed liquid in the
right tube was determined by GC. The selectivity of sorption was calculated
from

Qsorp = (Y /Y I (XIX,)

where X, X,, and Y., Y,, are the weight fractions of ethanol and water in the
feed and in the membranes, respectively.

RESULTS AND DISCUSSION
Stability of the Cobalt Salt

For salt-containing membranes the stability of salt is usually a problem
because the salt might dissolve in the liquid feed. Therefore, the stability of
cobalt(III) acetylacetonate [Co(acac);] in the polycarbonate membranes was
examined by performing the dissolution test of PC/Co(acac); membranes in
a aqueous ethanol solution. The membranes were placed in a solution of
cthanol and water (90 wit% ethanol) for 72 hours to investigate if the salt,
complexed in membranes, would dissolve in the solution. Ultraviolet studies
were carried out to examine if cobalt ion existed in the solution. When the
solution contained a small amount of cobalt salt (0.05 wt%), a peak was
observed in the UV spectrum of the solution, as shown in Fig. 1 (Line a).
However, for solutions in which membranes containing various amounts of
cobalt salt were immersed for 72 hours, no obvious peaks were found in the
UV spectra, as shown in Fig. 1 (Lines b—e). The absence of any absorption
peak in the UV spectrum indicates that the cobalt ion is almost undetectable
in the dissolution solution. In other words, loss of cobalt salt from the mem-
branes did not occur after 72 hours of immersion of the membranes in the
ethanol aqueous solution, indicating the cobalt salt in the polycarbonate mem-
branes is very stable.

Effect of Co(acac); Content on the Pervaporation
Performance

The effect of the salt content in the membrane on pervaporation perfor-
mance is reported in Table 1. By comparing the result for the pure PC mem-
brane with that for the PC membrane containing 1 wt% Co(acac);, it was
found that the addition of cobalt salt elevates the separation factor but reduces
the permeation flux. Similar phenomena were also observed when the same
membranes were applied to gas separation (18), and can be accounted for by
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FIG. 1 UV spectra of the dissolution solutions. The dissolution experiments were performed

by immersing the PC/Co(acac); membranes in an aqueous ethanol solution with 90 wt% ethanol.

The amount of Co(acac); dissolved in the solution was: (a) 0.05 wt%, (b) 5 wt%, (¢) 10 wt%,
(d) 15 w1%, and (e) 20 wt%.

TABLE 1
Effect of Co(acac); Content in the PC/Co(acac); Membrane on the
Pervaporation Performance®

Co(acac)s content Permeation flux Separation factor, .
(Wt%) (g/m*h) Oper pSp®

Pure PC 168 110 19,200
1 126 373 46,500
3 162 370 61,200
5 175 233 38,500
7.5 188 175 28,700

% Feed concentration 90 wt% ethanol aqueous solution, 25°C.
> PSI = (permeation rate) X (separation factor).
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TABLE 2
Effect of Co(acac); Content on the Sorption Properties
Separation

Co(acac);  Ethanol Total Water Ethanol factor

content in feed sorption sorption sorption _—
(Wt%) (Wt%) (glloo grncrnbr.) (g/loo gmcmbr.) (gllOO gmcmbr.) c!sor;:o apcr
0 90 6.0 1.72 4.28 3.6 110
1 90 6.3 221 4.09 49 373
3 90 6.5 2.46 4.04 55 370
5 90 6.6 247 4.13 55 233
715 90 71 3.26 3.84 77 175

the cobalt salt making PC membranes denser, as evidenced by an increasing
membranes density.

It was therefore expected that a higher cobalt content would result in a lower
permeation flux and a higher separation factor. When complex membranes
are applied for gas separation, the results follow the above deductions (18).
However, the results shown in Table 1 for pervaporation are completely oppo-
site to the above expectation: a higher cobalt content results in a higher per-
meation flux and a lower separation factor.

We propose a mechanism to resolve the above contradiction. In pervapora-
tion the liquid feed, which could swell the membrane, is in direct contact
with the membrane. A higher cobalt salt content results in a higher degree
of swelling due to the high affinity between the cobalt salt and water (solvation
effect). And a higher degree of swelling loosens the entanglement of polymer
chains and results in a less dense structure. Therefore, although a higher cobalt
salt content makes the membrane more dense for gas separation, when the
membrane is in contact with water the higher degree of swelling caused by
the solvation effect of the cobalt salt makes the membrane less dense. Ob-
viously, the swelling effect dominates in pervaporation, and hence the per-
meation flux increases and the separation factor decreases with increasing
cobalt content in the membrane.

To verify the above mechanism, the effect of cobalt content on the swelling
(sorption of liquid) of membranes was investigated experimentally. The re-
sults are presented in Table 2. It can be seen that, as expected, the sorption
amount does increase with increasing cobalt content, and the increase in the
amount of sorption is mainly due to the increase of water sorption. Therefore,
the mechanism described in the preceding paragraph seems quite reliable:
The swelling of membranes, caused by the solvation effect of the cobalt salt,
plays an important role in pervaporation. Further discussion on this point is
given below.
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Effect of Co(acac); Content on the Sorption
and Diffusion Properties

According to the solution-diffusion model (19), the permeability (P) of a
permeant through a membrane is a product of the solubility (S) and the diffu-
sivity (D). The effects of the cobalt content on the solubility and the diffusivity
are discussed in this section.

Sorption experiments were performed to determine the solubility of ethanol
and water in PC/Co(acac); membranes. The results on the amount of sorption
are presented in Table 2, and the water composition in the membrane is
depicted in Fig. 2. It can be seen that the water composition in the membrane
is higher than that in the liquid feed, indicating that water is preferentially
sorbed in the membrane. The preferential sorption of water is related to the
cobalt content: higher cobalt content results in higher water composition in
the membrane. The dependence of water sorption on the Co(acac); content
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FIG. 2 Effect of Co(acac); content on the water concentrations in the permeate and in the
membrane.
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FIG. 3 Effect of Co(acac); content on the water contact angle.

was further checked by measuring the water contact angle of membranes with
various Co(acac); contents. The data are presented in Fig. 3. It can be seen
that the water contact angle decreases with increasing Co(acac); content in
the membrane. Since a lower water contact angle indicates stronger interaction
between water and the PC/Co(acac); membrane, the data shown in Fig. 3
suggest that the hydrophilicity of the PC membrane increases with an increas-
ing amount of Co(acac)s. The results from the water contact angle experiments
agree well with those from the sorption experiments.

On basis of the pervaporation selectivity (Table 1) and the water composi-
tion in the permeate (Fig. 2), the PC/Co(acac); membranes possess high water
permselectivity. Part of the permselectivity stems from the preferential sorp-
tion of water discussed in the preceding paragraph. However, by comparing
the separation factors from sorption and pervaporation (Table 2), and compar-
ing the water compositions in the membrane and in the permeate, it can be
seen that the preferential sorption of water alone is not enough to explain
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the high water permselectivity of pervaporation. According to the solution-
diffusion model, the permselectivity due to diffusion should also be consid-
ered to completely describe the pervaporation process. Additional evidence
showing that preferential sorption cannot completely explain the pervapora-
tion performance is that the separation factor decreases but the sorption
amount increases with increasing Co(acac); content.

The permselectivity due to the diffusivity difference between the permeants
originates from the difference in molecular size. Water has a smaller size
than ethanol and therefore has a higher diffusivity, which also contributes to
the high water permselectivity. The diffusivities of permeants through mem-
branes can be determined on the basis of the solution-diffusion model: P =
D+S, where P is the permeability, S denotes the solubility, and D stands for
the diffusivity. P can be calculated from the permeation flux, and S can be
determined from the sorption experiment. With P and S, D can be calculated.
The results of the solubility and diffusivity ratios of water to ethanol are
depicted in Figs. 4 and 5, respectively. From these two figures it can be seen

1.0

SHz0

SEtoH

02 1 L ! ! ! I !

2 4 ]
Co(acac); content (wt% )

FIG. 4 Effect of Co(acac); content on the solubility ratio of water to ethanol.
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FIG. 5 Effect of Co(acac); content on the diffusivity ratio of water to ethanol.

that water is preferentially dissolved into the membrane and diffuses faster
through the membrane than ethanol, which therefore results in high water
permselectivity,

On basis of Fig. 4, the solubility ratio of water to ethanol increases with
an increasing amount of Co(acac);, which can be accounted for by the high
affinity between Co(acac); and water (solvation). The diffusivity ratio, shown
in Fig. 5, first increases but then decreases with an increasing amount of
Co(acac)z. The diffusivity ratio is strongly related to the membrane structure:
a denser membrane structure results in a higher diffusivity ratio. The addition
of Co(acac); makes the polycarbonate membrane denser (18), and therefore
results in the increase of diffusivity ratio shown in Fig. 5. However, with the
addition of more Co(acac);, the degree of swelling of membranes becomes
higher and results in decrease of diffusivity ratio shown in Fig. 5. Obviously,
the effect of diffusivity dominates the behavior of pervaporation because the
separation factors of pervaporation (Table 1) follow the same trend as the
diffusivity ratio (Fig. 5) but not the trend of the solubility ratio (Fig. 6).
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Effect of Feed Composition on Pervaporation
Performance

On basis of the above discussion, the permeation flux increases but the
separation factor decreases with an added amount of Co(acac); due to the
swelling effect. The pervaporation separation index (PSI), defined as the prod-
uct of the permeation flux and the separation factor, was calculated and is
presented in Table 1. A maximum PSI value of 61,200 occurs with the addition
of 3 wt% Co(acac); in the polycarbonate membrane. Compared to the pure
PC membrane, the complex membrane possesses a similar permeation flux,
but has a separation factor three times higher. It is obvious that the pervapora-
tion of PC membranes can be improved by the addition of Co(acac);, and
the optimal amount to add is about 3 wt%.

The above discussions are based on a feed composition of 90 wt% ethanol.
The effect of the feed composition on the pervaporation performance of the
PC/Co(acac); membrane [3 wt% Co(acac)s] is discussed in what follows.
Figure 6 shows the influence of ethanol concentration in the feed on ethanol
concentrations in the permeate and in the membrane. It can be seen that
ethanol concentration in the permeate is very low and is insensitive to the

100 400
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FIG. 6 Effect of the ethanol concentration in the feed on the separation factor and on the
concentration of ethanol in the permeate and in the membrane.
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feed composition, indicating that the membrane possesses high water permsel-
ectivity. The effect of ethanol concentration in the feed on the separation
factor is also presented in Fig. 6.

It should be noted that ethanol concentration in the membrane increases
with increasing ethanol concentration in the feed. Therefore, it is reasonable
to expect that ethanol concentration in the permeate will follow the same
trend. However, ethano! concentration in the permeate is insensitive to feed
composition. This phenomenon can be explained by considering the swelling
effect. Since Co(acac); has a strong interaction with water, a higher water
concentration (lower ethanol concentration) in the feed results in a higher
degree of swelling. On the basis of the above discussion, it is known that a
higher ethanol concentration in the feed will make the ethanol concentration
in the membrane higher, indicating a higher permeation flux. The diffusivity
of ethanol through the membrane is lower, however, because the degree of
swelling is lower, indicating a lower permeation flux. The competition be-
tween solution and diffusion makes the permeation flux insensitive to feed
composition. The above observation again confirms that the effect of swelling
on diffusion plays an important role in pervaporation.

CONCLUSION

It is proved in this work that the addition of cobalt(IlI) acetylacetonate in
a polycarbonate membrane can improve the pervaporation performance. By
adding 3 wt% Co(acac)s, the resulting complex membrane possesses a per-
meation flux similar to that of a pure PC membrane, but the separation factor is
about three times higher. It was also found that the cobalt salt in the membrane
remains stable after a 72-hour immersion in an aqueous ethanol solution.

In addition, it was found that the addition of a small amount of Co(acac);
(1 wt%) makes the PC membrane denser, and results in a lower permeation
flux but a higher permselectivity. However, when more Co(acac); is added,
the degree of swelling increases due to the strong interaction between the
added salt and water (solvation), resulting in a higher permeation flux but a
lower permselectivity. It should be stressed that the effect of swelling on the
diffusivity of permeates through membranes plays an important role in the
pervaporation separation process.
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