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SYNOPSIS 

A series of poly(acry1ic acid) (PAA)-poly(viny1 alcohol) (PVA) semiinterpenetrating (SIPN) 
and interpenetrating (IPN) polymer network membranes were prepared by crosslinking 
PVA alone or by crosslinking both PVA and PAA. Glutaraldehyde and ethylene glycol 
were used as crosslinking agents for the PVA and PAA networks, respectively. The presence 
of PAA increases the permeability of the membranes while the presence of PVA improves 
their mechanical and film-forming properties. The mechanical properties of the membranes 
were investigated via tensile testing. These hydrophilic membranes are permselective to 
water from ethanol-water mixtures and to ethanol from ethanol-benzene mixtures. The 
IPN membranes were employed for the former mixtures and the SIPN membranes for the 
latter, because the IPN ones provided too low permeation rates. The permeation rates and 
separation factors were determined as functions of the IPN or SIPN composition, feed 
composition, and temperature. For the azeotropic ethanol-water mixture (95 wt % ethanol), 
the separation factor and permeation rate at 50°C of the PAA-PVA IPN membrane, con- 
taining 50 wt % PAA, were 50 and 260 g/m2 h, respectively. For the ethanol-benzene 
mixture, the PAA-PVA SIPN membranes had separation factors between 1.4 and 1200 
and permeation rates between 6 and 550 g/m2 h, respectively, depending on the feed com- 
position and temperature. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Pervaporation can be effectively used in the sepa- 
ration of azeotropic, close-boiling point, and heat- 
sensitive mixtures. Many pervaporation membranes 
have been employed for the dehydration of water- 
organic mixtures. Typical membranes are poly(acry1ic 
acid) (PAA), poly(viny1 alcohol) (PVA), polyacrylo- 
nitrile (PAN), and chitosan. Both the mechanical and 
separation properties of the membranes used in per- 
vaporation can be improved by using graft, block, 
blend, and crosslinked Few articles have 
been concerned with interpenetrating polymer net- 
work (IPN) Compared to  those pre- 
pared by graft, block, or blend polymerization, the 
IPN or semi-IPN (SIPN) membranes have higher 
stabilities a t  high temperatures and in various liquids. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 62, 973-987 (1996) 
0 1996 John Wiley & Sons, Inc. CCC 0021-8995/96/070973- 15 

The PAA membranes exhibit high water selec- 
tivity and permeation rate because of their carbox- 
ylic groups. Of course, the PAA membranes must 
be crosslinked to  avoid their dissolution in water. 
However, the crosslinked PAA membrane is brittle 
and its film-forming capability is low. Compared to  
PAA, PVA has a lower hydrophilicity but higher 
mechanical strength and film-forming capability. 
For these reasons, we prepared PAA-PVA IPN 
membranes by the sequential IPN technique; and 
their pervaporation performance for ethanol-water 
mixtures was investigated. We also prepared PAA- 
PVA SIPN membranes, and their pervaporation 
performance was investigated for the ethanol-ben- 
zene mixture for which the boiling points of the two 
components are almost the same. The higher affinity 
of PAA for ethanol than benzene suggested that we 
use the above membrane for the separation of 
ethanol from the ethanol-benzene mixtures. In the 
latter case, the SIPN membrane was preferred to  
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Table I Compositions of Casting Solutions Used to Prepare PAA-PVA IPN Membranes 

PAA/PVA PAA PVA GAL EG HC1 (1N) HZO 
Membrane No. (wt Ratio) (€9 (9) (8) (g )  x lo2 (mL) (mL) 

I 10/30 0.58 0.25 0.025 1.2 0.125 8 
I1 50/50 0.25 0.25 0.025 0.5 0.125 3.5 

I11 30/70 0.11 0.25 0.025 0.2 0.125 2 
IV 10/90 0.03 0.25 0.025 0.05 0.125 - 

For all membranes GAL = 0.5 wt % in the crosslinked PVA network, EG = 2.0 wt % in the crosslinked PAA network. 

the IPN one, because the latter provided a perme- 
ation rate that was too low. 

EXPERIMENTAL 

Materials 

PVA (Aldrich, molecular weight 124,000), PAA (25 
wt % in water, Aldrich, molecular weight 240,000), 
glutaraldehyde (GAL, 25 wt % in water, Aldrich), 
ethylene glycol (EG, 99%, Fisher), hydrochloric acid 
(37 wt % in water, Aldrich), benzene (99%, Aldrich), 
and ethanol (99%, Aldrich) were used as received. 
Water was deionized and double distilled. 

Preparation of PAA-PVA IPN Membranes 

To obtain the PAA-PVA IPN membranes, GAL and 
EG were used as crosslinking agents for the PVA 
and PAA networks, respectively. The compositions 
of the casting solutions are listed in Table I. The 
solution was mixed with a magnetic stirrer for 10 
min, cast on a glass plate, and allowed to evaporate 
a t  room temperature for 24 h. During this process, 
a crosslinked PVA network containing macromol- 
ecules of PAA was generated. Subsequently, the 
membranes were heated in an oven at 120°C for 3 
h to generate the crosslinked PAA network. The 
membranes were dried in a vacuum oven at room 
temperature for 24 h. The thickness of PAA-PVA 
IPN membrane was in the range of 20-30 pm. 

Preparation of PAA-Crosslinked PVA SIPN 
Membranes 

The compositions of the casting solutions used to 
prepare the PAA-PVA SIPN membranes are listed 
in Table 11. The solution containing PAA, PVA, the 
crosslinking agent GAL, and the catalyst HCl was 
first mixed using magnetic stirring for 10 min. Then, 
the solution was cast on a glass plate and allowed 
to evaporate at room temperature for 24 h. The 
transparent SIPN membranes thus obtained were 
dried for 24 h in a vacuum oven at room temperature. 
The thickness of the dry membrane was in the range 
20-30 pm. 

Tensile Testing 

The tensile testing of the PAA-PVA SIPN and IPN 
samples was performed by preparing sheets of the 
size required by ASTM D638-58 T and using an In- 
stron Universal Testing Instrument (model 1000) 
at room temperature. The extension speed of the 
instrument was 10 mm/min. 

Pervaporation 

The pervaporation experiments were performed using 
the apparatus described previously.8 The membrane 
was located on a porous glass support. The tempera- 
ture of the permeation cell was controlled using a 
thermostated water bath. The effective membrane area 
was 9.6 cm'. The downstream pressure was kept at 3 

Table I1 Compositions of Casting Solutions Used to Prepare PAA-PVA SIPN Membranes 

PAA/PVA PAA PVA GAL HC1 (1N) H2.O 
Membrane No. (wt Ratio) (8) (9) (g)  (mL) (mL) 

I 
11 

I11 

80/20 1.0 0.25 0.025 0.125 14 

60/40 0.37 0.25 0.025 0.125 6 
70/30 0.58 0.25 0.025 0.125 8 

For all membranes GAL = 0.5 wt % in the crosslinked PVA network. 
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Figure 1 The tensile strength and elongation at break against the PAA content for the 
PAA-PVA SIPN membranes. For all membranes GAL = 0.5 wt % in the crosslinked PVA 
network. 

k 1 torr by a vacuum pump. The steady state can be 
achieved after running the apparatus for about 2 h. 

The permeated sample was collected in a cold trap 
cooled with liquid nitrogen. The composition of the 

sample was determined using a gas chromatograph 
equipped with a Porapack Q column at the temper- 
atures of 160 and 215°C for the ethanol-water and 
ethanol-benzene mixtures, respectively, and a ther- 
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Figure 2 The tensile strength and elongation at break against the PAA content for the 
PAA-PVA IPN membranes. For all membranes GAL = 0.5 wt % in the crosslinked PVA 
network; EG = 2.0 wt % in the crosslinked PAA network. 
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Figure 3 
for the pervaporation of ethanol-water mixtures. The membranes are those of Table 1. 

Effect of ethanol composition in the feed on the total permeation rate at  50°C 
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Figure 5 Permeate composition in the pervaporation of ethanol-water mixtures through 
various of PAA-PVA IPN membranes as a function of the feed composition at 50°C. The 
membranes are those of Table I. 

ma1 conductivity detector. Helium was used as the 
carrier gas. 

The permeation rate, J, can be calculated using 
the expression 

J = Q/At 

where Q is the total amount of permeate during the 
experimental time interval t at  steady state and A 
is the effective membrane surface area. 

The selectivity of the membrane can be charac- 
terized via the separation factor, aiIj, which is de- 
fined as 

where (Ci/Cj)permeate is the weight ratio of components 
i and j in the permeate and ( c i / c j> feed  is their weight 
ratio in the feed. Component i is the preferentially 
pervaporated one. 

RESULTS AND DISCUSSION 

Tensile Strength and Elongation of PAA-PVA 
SIPN and IPN Membranes 

Figure 1 shows that with increasing content of PAA 
in the PAA-crosslinked PVA SIPN membranes, the 
tensile strength increases and the elongation at 
break decreases. PAA is more brittle than PVA be- 
cause of the rigidity caused by the strong interactions 
among the carboxyl groups. When the content of 
PAA in the SIPN was higher than 80 wt %, the 
membrane became so brittle that it could not be 
separated from the glass plate. Membranes contain- 
ing about 60 wt % PAA are suitable from a me- 
chanical point of view. 

The tensile strength and elongation at  break 
for the PAA-PVA IPN membranes are presented 
in Figure 2 as a function of the PAA content. One 
can see that with increasing PAA content both 
the tensile strength and the elongation at  break 
decrease. The degree of crosslinking of the PAA- 
PVA IPN membranes is much higher than that of 
the PAA-PVA SIPN membranes, because both 
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Table I11 
from Ethanol-Water Mixtures 

Pervaporation Performances of Different Membranes for Dehydrating Water 

~~~~~ 

Ethanol in Feed Temperature J 
(wt ("C) (dm '  h) a Membranes Reference 

96 15 5 350 PMA 11 
80 70 20 250 PVA-g-PAA 12 
90 40 31 123 Chitosan 13 
88 50 9 314.8 PAA-g- PVA 14 
80 30 500 30 PVA-g-(PS-co-MA) 15 
90 40 - 50 150 Crosslinked PVA 16 
90 40 - 200 - 23 Photocrosslinked PVA 17 
90 75 - 130 - 280 Crosslinked PVA 18 

95 75 60 4100 PVA-PAAM IPN 8 
95 50 260 50 PAA-PVA IPN This study 

90 25 78 46 Nylon 6-PAA blend 19 

PMA, poly(ma1eimide-eo-acrylonitrile); PVA, poly(viny1 alcohol); PAA, poly(acry1ic acid); PS, polystyrene; MA, malice anhydride; 
PAAM, polyacrylamide; IPN, interpenetrating polymer network. 

polymers are crosslinked. In addition to the cross- 
linking in the individual networks, there are in- 
teractions among the chains, as well as some 
crosslinking between the two networks due to the 
reaction between COOH and OH. For the SIPN 
membranes, the tensile strength increases with 

increasing PAA content because of increasing in- 
teractions among the chains. For the IPN mem- 
branes, the tensile strength decreases with in- 
creasing PAA content, because the crosslinking of 
the latter by the EG molecules does not allow 
enough close contact among the chains, thus de- 

10000 1 
h s 
el 
E 
\ 

W 
M 

8 
Y 

$ 
rw 
0 

0 
Y 

E 
E 
0 

c5 
.d Y 

i! 
$ 
I- 

1000 

100 

1 0  

1 

A \  
\\ . 

Figure 6 Effect of the ethanol composition in the feed on the permeation rate of water 
at 50°C for the pervaporation of ethanol-water mixtures. The membranes are those of 
Table I. 
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Figure 7 Effect of the ethanol composition in the feed on the permeation rate of ethanol 
a t  5OoC for pervaporation of ethanol-water mixture. The membranes are those of Table I. 

10000 

1000 

100 

1 0  

1 I 
I I I 

20 30 40 5 0  60 70 

Temperature ("C) 
Dependence of the total permeation rate on the feed temperature for 85 wt % Figure 8 
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ethanol in ethanol-water mixtures and membranes I, 11, and IV of Table I. 

Dependence of the separation factor on the feed temperature for 85 wt % 
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Figure 10 
ethanol in ethanol-water mixture and membranes I, 11, and IV of Table I. 

Arrhenius plots of the total permeation rate vs. temperature for 85 wt % 
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Table IV 
of Ethanol-Water Mixture Containing 
85 wt % Ethanol 

PAA-PVA IPN Membranes Activation Energy 

Activation Energies for Permeation 

(wt Ratio) (kcal/mol) 

70/30 7.3 
50/50 7.4 
10/90 9.3 

For all membranes GAL = 0.5 wt % in the crosslinked PVA 
network, EG = 2.0 wt 5% in the crosslinked PAA network. 

creasing the interactions among the PAA chains. 
The mobility of the segments is decreased, and 
this decreases the elongation a t  break with in- 
creasing PAA content for both kinds of mem- 
branes. I P N  membranes containing 50 wt % PAA 
are suitable from a mechanical point of view. 

Pervaporation of Ethanol-Water Mixture Through 
PAA-PVA IPN Membranes 

Effect of Feed Composition 

Figures 3 and 4 present the total permeation rate 
and separation factor for PAA-PVA I P N  mem- 
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branes of various compositions, as a function of 
the ethanol concentration in the feed at  50°C. The 
increase of the ethanol concentration in the feed 
increases the separation factor but decreases the 
permeation rate. This occurs because the hydro- 
philic membrane has a higher swelling a t  larger 
water contents in the feed, and this decreases the 
separation factor. For comparison purposes, Fig- 
ure 5 presents the ethanol concentration in the 
permeate as a function of its concentration in the 
feed, together with the vapor-liquid equilibrium 
curve at  50"C.'0 Figures 3 and 4 also show that 
with increasing PAA content in the I P N  mem- 
branes, the permeation rate increases but the sep- 
aration factor decreases. This is because PAA is 
more hydrophilic than PVA, and the increase of 
the PAA content increases the swelling of the 
membrane. For the azeotropic ethanol-water 
mixture (95 w t  % ethanol) and for a PAA-PVA 
I P N  membrane containing 50 wt % PAA, the 
separation factor and the permeation rate are 50 
and 260 g/m2 h, respectively. For comparison pur- 
poses, some results regarding dehydration of 
ethanol-water mixtures a t  or near the azeotropic 
point obtained by various authors with various 
membranes are listed in Table III.8,11-'9 One can 
see that the PAA-PVA I P N  membrane has a rel- 

0 20 40 6 0  8 0  100 

Ethanol in the feed (wt YO) 
Figure 11 Permeate composition at 50°C in the pervaporation of ethanol-benzene mix- 
tures through various PAA-PVA SIPN membranes, as a function of the feed composition. 
The membranes are those of Table 11. 
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Figure 12 
for pervaporation of ethanol-benzene mixtures. The membranes are those of Table 11. 

Effect of ethanol composition in the feed on the total permeation rate at 50°C 

atively high permeation rate and a good separation 
factor. 

Figures 6 and 7 present the permeation rates 
of water and ethanol through various PAA-PVA 
IPN membranes at  50°C, respectively. The change 
of the permeation rate of water with the ethanol 
concentration in the feed has the same trend as 
the total permeation rate from Figure 3; that is, 
with decreasing ethanol concentration in the 
feed, the permeation rate of water increases. 
However, the permeation rate of ethanol first in- 
creases as the ethanol concentration in the feed 
decreases from 90 to 30 wt %, but decreases with 
the further decrease of ethanol concentration from 
30 to 10 wt %. In the high ethanol concentration 
range, as the amount of water increases, the swell- 
ing of the membrane increases; as a result, the 
permeation of ethanol is enhanced. In the low 
ethanol concentration range, the membrane be- 
comes so hydrophilic that  the permeation rate of 
ethanol, which is less hydrophilic than water, is 
retarded. 

Effect of Feed Temperature 

Figures 8 and 9 present the effect of the feed tem- 
perature on the permeation rate and separation fac- 
tor for various PAA-PVA I P N  membranes and for 
85 wt % ethanol. The permeation rate increases with 
increasing temperature because the increase of tem- 
perature increases both the mobility of the per- 
meating molecules and that of the polymer segments. 
The effect of temperature on the separation factor 
depends upon the composition of the PAA-PVA 
I P N  membranes. For the membranes with a low 
PAA content (PAA = 10 wt %), the separation factor 
decreases with increasing temperature. However, 
there is only a small change in the separation factor 
for the membranes with a high PAA content (PAA 
2 30 wt %). This happens because the membranes 
with higher PAA contents have higher swelling and, 
consequently, both the permeating molecules and 
the polymer segments have higher mobility. While 
the increase in temperature generates additional 
mobility, the mobility generated by the swelling is 
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Figure 13 
for pervaporation of ethanol-benzene mixtures. The membranes are those of Table 11. 

Effect of ethanol composition in the feed on the separation factor a t  50°C 

large enough for the former increase to have small 
consequences. 

Figure 10 contains Arrhenius plots for the total 
permeation rates. The activation energies are listed 
in Table IV, which shows that the activation energies 
decrease with increasing PAA content in the mem- 
brane. 

PERVAPO RATIO N OF ETHAN 01-BENZEN E 
MIXTURES THROUGH PAA-CROSSLINKED 
PVA SIPN MEMBRANES 

Effect of Feed Composition 

Figures 11-13 present the separation characteristics 
of PAA-PVA SIPN membranes for the ethanol- 
benzene mixture at 50°C. Figure 11 shows the re- 
lationship between the ethanol concentrations in the 
permeate and in the feed. For comparison purposes, 
the vapor-liquid equilibrium curve2' of the ethanol- 
benzene mixture a t  50°C is also included. One can 
see that the SIPN membranes are permselective to 
ethanol over the entire range of ethanol concentra- 
tions. Figures 12 and 13 present the effect of ethanol 
concentration (at 50°C) on the permeation rate and 
separation factor, respectively. With increasing 

ethanol concentration in the feed, the permeation 
rate increases but the separation factor decreases. 
The permeation rate increases with increasing PAA 
content in the SIPN membranes, because of the in- 
creasing hydrogen bonding between the carboxyl 
groups of PAA and the hydroxyl groups of the 
ethanol molecules. The separation factors and per- 
meation rates of PAA-PVA SIPN membranes are 
in the range of 1.4-1200 and 6-550 g/m2 h, respec- 
tively, depending on the ethanol concentration in 
the feed and the composition of the SIPN mem- 
brane. 

Figures 14 and 15 present the effect of ethanol 
concentration in the feed on the permeation rate of 
ethanol and benzene at 50°C for various SIPN 
membranes. With increasing ethanol concentration, 
its permeation rate increases. However, the per- 
meation rate of benzene first increases with increas- 
ing ethanol concentration from 10 to 70 wt %, and 
subsequently decreases as the ethanol concentration 
further increases from 70 to 90 wt %. In the low 
ethanol concentration region, the permeation of 
ethanol molecules through the membrane occurs 
with little swelling; and their adsorption on the hy- 
drophilic sites of the membrane partially hydro- 
phobize the membrane, thus enhancing the transfer 
of the benzene molecule. In the high ethanol con- 
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Figure 14 Effect of ethanol composition in the feed on the permeation rate of ethanol 
a t  5OoC for the pervaporation of ethanol-benzene mixtures. The membranes are those of 
Table 11. 

centration region, the swelling of the membrane in- 
creases and the membrane is increasingly hydro- 
philized. As a result, the permeation rate of benzene 
through the membrane decreases. 

Effect of Feed Temperature 

The dependencies of the permeation rate and sep- 
aration factor on the feed temperature for 50 wt % 
ethanol in the feed are presented in Figures 16 and 
17, respectively. With increasing feed temperature, 
the permeation rate increases and the separation 
factor decreases. Figure 18 shows that there is a lin- 
ear relationship between the In of the permeation 
rate and the inverse of the absolute temperature. 
The activation energies calculated from Figure 18 
are listed in Table V. A comparison with the results 
of Table IV shows that, as expected, the activation 
energies for the SIPN membranes are lower than 
those for the IPN membranes. 

CONCLUSION 

PAA-PVA IPN membranes as well as PAA-cross- 
linked PVA SIPN membranes were prepared. For 

the PAA-PVA IPN membranes, the tensile strength 
and elongation at break decrease with increasing 
PAA content; the tensile strength increases and the 
elongation at break decreases with increasing PAA 
content in the PAA-crosslinked PVA SIPN mem- 
branes. An explanation was proposed for the differ- 
ent behaviors of the two kinds of membranes. For 
application purposes the content of PAA should be 
about 50 and 60 wt % for the IPN and SIPN mem- 
branes, respectively. 

The separation characteristics of IPN and SIPN 
membranes were investigated as a function of mem- 
brane composition, feed composition, and temper- 
ature, by dehydrating ethanol-water mixtures and 
separating ethanol from ethanol-benzene mixtures, 
respectively. In the latter case, the SIPN membranes 
were employed because the IPN ones provided too 
low permeation rates. While the overall permeation 
rate increases with increasing concentration of the 
permselective component in the feed, the permeation 
rate of the other component passes through a max- 
imum. An explanation is proposed for this behavior. 
For the azeotropic ethanol-water mixture (95 wt % 
ethanol) at 50"C, the permeation rate and the sep- 
aration factor of PAA-PVA IPN membrane con- 
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Figure 15 Effect of ethanol composition in the feed on the permeation rate of benzene 
at  50°C for the pervaporation of ethanol-benzene mixtures. The membranes are those of 
Table 11. 
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ethanol in ethanol-benzene mixtures. The membranes are those of Table 11. 

Dependence of the total permeation rate on the temperature for 50 wt % 



986 RUCKENSTEIN AND LIANG 

1000 1 I 

A 
Ill \ 

I I I 1 I I 

20  3 0  4 0  5 0  6 0  70 

Temperature ("C) 
Figure 17 
in ethanol-benzene mixtures. The membranes are those of Table 11. 

Dependence of the separation factor on the temperature for 50 wt % ethanol 
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in ethanol-benzene mixtures. The membranes are those of Table 11. 

Arrhenius plots of total permeation rate vs. temperature for 50 wt % ethanol 



PAA-PVA SIPN AND JPN PERVAPORATION MEMBRANES 987 

Table V 
Benzene Mixture Containing 50 wt % Ethanol 

Activation Energies for Ethanol- 

PAA-PVA SIPN Membranes Activation Energies 
(wt Ratio) (kcal/mol) 

80/20 
70/30 
60/40 

4.6 
6.6 
7.5 

For all membranes GAL = 0.5 wt % in the crosslinked PVA 
network. 

taining 50 wt 7% PAA were 260 g/m2 h and 50, re- 
spectively. The PAA-PVA SIPN membranes were 
found to have at 50°C separation factors ranging 
from 1.4 to 1200 and permeation rates of about 6- 
560 g/m2 h, depending on the composition of the 
membrane, feed composition, and temperature. The 
dependence of the permeation rate on the absolute 
temperature is consistent with an Arrhenius rela- 
tionship, and the activation energies were in the 
range of 7.3-9.3 and 4.6-7.5 kcal/mol for PAA-PVA 
IPN and PAA-PVA SIPN membranes, respectively. 
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