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SYNOPSIS 

Pervaporation of an acetic acid/water mixture was studied through synthetic polymeric 
membranes made from poly ( 1-butyl methacrylate), poly ( 2-ethylhexyl methacrylate), 
polystyrene, and copolymers of 4-vinylpyridine and styrene, whose mole fraction of 4- 
vinylpyridine was 0.028 or 0.050. Permselectivities through polystyrene and poly ( 4-vinyl- 
pyridine-co-styrene) (mole fraction of 4-vinylpyridine, 0.050) are discussed based on the 
solution-diffusion theory. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Much effort has been devoted to developing novel 
membrane materials for the selective separation of 
ethanol from its aqueous solutions in connection 
with the effective production of biomass energy.' 
From the point of saving of both energy and pro- 
duction costs, most organic liquid mixtures, which 
have been separated by distillation until today, could 
be fractionated by pervaporation. However, there 
has been no reliable membrane materials, except 
polydimethylsiloxane membrane in the selective 
separation of organic compounds from aqueous so- 
lutions, to separate a specific organic compound with 
high efficiency. 

Since 1985,3 attention has been focused on the 
pervaporation separation of acetic acid/ water so- 
lutions because acetic acid is one of the most im- 
portant organic intermediates in the chemical 
industry3 and one of the top fifty in chemicals pro- 
duction? So far, several articles have dealt with the 
pervaporation of aqueous acetic acid s o l ~ t i o n . ~ ~ ~ - ' ~  
Among these, only one has reported the selective 
permeation of acetic acid through the commercially 
available polydimethylsiloxane membrane produced 
by General Electric Company! In continuation of 
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our studies on the development of novel organic 
permeable membranes from common polymer ma- 
terials, we report the pervaporation of acetic 
acid / water mixture through polymeric membranes 
bearing a pyridine moiety as a side group. 

STRATEGY OF MEMBRANE MATERIAL 
DESIGN 

According to the solution-diffusion theory, the 
permselectivity of a pervaporation membrane must 
be given by the product of two determining quan- 
tities, i.e., solubility and diffusivity. Solubility is 
based on the chemical nature of both permeant and 
membrane material, while diffusivity is based on 
both molecular weight and shape of the permeant. 
In general, it seems to be difficult to attain selectivity 
by controlling the diffusivity since molecular weights 
and shapes of permeants consisting in the liquid 
mixture are not so different. On the other hand, the 
solubility of permeant could be theoretically con- 
trolled from null to infinite. By introducing func- 
tional moieties or chemical species, which was 
named a fixed carrier,15 and can recognize and 
transport (or permeate) the specific substrate with 
high efficiency, one can make it possible to separate 
such a specific permeant in preference to other com- 
ponents. A pyridine moiety was chosen as a fixed 
carrier for acetic acid in order to make use of acid- 
base interactions as recognizing interaction. 
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Selection of a membrane material, forming the 
membrane matrix is another important subject to 
be considered. Because the membrane matrix de- 
termines the environment of the whole membrane 
and especially that for the vicinity of a fixed carrier 
it might exhibit a cooperative effect in the interac- 
tion between a fixed carrier and a substrate. 

EXPERIMENTAL 

Materials 

4-Vinylpyridine (4VP),  1-butyl methacrylate 
(BMA) , 2-ethylhexyl methacrylate (BEHMA) , 
styrene ( ST) , and 2,2'-azobis ( 2-methlpropionitrile) 
(AIBN) were purified in the usual manner. Chlo- 
roform, toluene, acetic acid, and distilled water 
were used without purification. Membrane materi- 
als, such as poly ( 1-butyl methacrylate) (PBMA), 
poly (2-ethylhexyl methacrylate) (PZEHMA) , 
polystyrene (PST) , and copolymers of ST and 4VP 
(4VP/ST-028 and 4VP/ST-050) with the mole 
fraction of 4VP units of 0.028 and 0.050, respectively, 
were synthesized by the usual radical polymerization 
initiated by AIBN at 45°C with shaking. The chem- 
ical composition of the polymers thus prepared were 
determined by elemental analysis. The results are 
summarized in Table I. 

Preparation of Membranes 

PBMA membrane was prepared as follows: 10 cm3 
of a chloroform solution (25 g dm-3) was poured 
into a flat laboratory dish (8.6-cm diameter) and 
the solvent allowed to evaporate at 25°C for 24 h. 
The thickness of the membrane was about 35 pm. 
Other membranes from PZEHMA, PST, 4VP/ST- 
028, and 4VP/ST-050 were prepared as follows: 5 

Table I Results of Copolymerization 

cm3 of a polymer solution (50 g dm-3) was poured 
into a flat laboratory dish (8.6-cm diameter) and 
the solvent allowed to evaporate at 25°C for 24 h. 
Chloroform was used as a solvent for PZEHMA, and 
toluene was adopted as a solvent for PST, 4VP/ST- 
028, and 4VP/ST-050. The PZEHMA membrane 
was about 20-pm thick, and those from PST, 4VP/ 
ST-028, and 4VP/ST-050 ranged from 35 to 40 pm 
in thickness. 

Pervaporation 

Pervaporation of aqueous acetic acid mixtures was 
carried out through the present membranes as de- 
scribed previously l4 at the constant operating tem- 
perature of 25°C. The membrane area in contact 
with the liquid was 9.9 cm2. The downstream pres- 
sure was in the range of 380 to 450 Pa (2.9-3.4 
mmHg 1. 

The separation analysis was carried out on a Shi- 
madzu GC-8A gas chromatograph with a 2.0 m-long 
column packed with polyethylene glycol 20M on 
Chromosorb W (AW-DMCS) . 

The separation factor a is defined as 

where Xi's and Yi's are the weight fractions of the 
component i in the feed and in the permeate, re- 
spectively. 

Measurement of Degree of Swelling 

After being dried to constant weight a membrane 
sample was immersed in an acetic acid/water mix- 
ture at 25°C. When the sorption equilibrium was 
reached, the sample was weighed rapidly after blot- 
ted free of adhering surface liquid. The degree of 

Monomer 
Mol fraction of 4VP in 

Polymer (9)  (g) (g) (g) (mg) (day) (g) Monomer Polymer 
BMA 2EHMA ST 4VP AIBN" Time Yield 

- - - - 74 4 12.3 PBMA 12.80 - 
P2EHMA - 15.87 - - 66 4 15.2 
PST - - 12.50 - 98 4 12.0 
4VP/ST-028 - - 12.19 0.32 98 4 11.9 0.025 0.028 
4VP/ST-050 - - 11.87 0.63 98 4 11.9 0.050 0.050 

- - 

- - 

Polymerization temperature, 45OC. 
a (AIBN)/(monomer) = 1/200 (mol/mol). 
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swelling for membranes was defined by 

degree of swelling ( W )  

where w d  and W, denote the weight of the sample 
in both the dry and swollen state, respectively. After 
the measurement of swelling, the sample was dried 
again to determine the weight of the dry sample so 
that the weight loss of the sample was scarcely ob- 
served before and after the swelling study. 

Evaluation of Solubility Selectivity 

A membrane sample, prepared in the same way as 
described for the measurement of degree of swelling, 
was transferred to the apparatus shown in Figure 1. 
The apparatus was connected to a vacuum line. After 
the container was locally cooled with liquid nitrogen, 
the entire apparatus was completely evacuated. 
Then, the container that held the swollen membrane 
sample was heated to purge the swelling solution 
from the sample while the manifold was kept cool 
to trap the solution in it. The composition of the 
collected liquid was analyzed by gas chromatography 
in the same way for the composition analysis of per- 
vaporation. 

The solubility selectivity, S s ,  is defined as 

SS = (Zacetic acid/Zwater) / (Xacetic acid/Xwater) ( 3 

where Xi’s and Zi’s are the weight fractions in the 
solution and in the membrane, respectively. 

RESULTS AND DISCUSSION 

Selection of Membrane Matrix 

First a polymer material for the membrane matrix 
was selected. Selective separation of acetic acid from 
aqueous acetic acid mixture was attempted. This led 
to the conclusion that the membrane matrix should 
be hydrophobic. It is expected that a hydrophobic 
membrane matrix should have affinity to acetic acid 
but repel water. From this point of view, PBMA, 
P2EHMA, and PST were chosen and cast into the 
membranes for the pervaporation of acetic acid/ 
water mixtures. The results are summarized in Fig- 
ure 2. In addition, the vapor-liquid equilibrium curve 
for acetic acid/water system at 250C16 is also de- 
picted in Figure 2. These three membranes did not 
show permselectivity toward acetic acid in the whole 
feed fraction range; in other words, the weight frac- 

to vacuum line t 
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L 

1 

I 

Figure 1 Rough sketch of the apparatus for the deter- 
mination of solubility selectivity. 1, container; 2, mem- 
brane; 3, manifold. 

tion of acetic acid in permeate did not exceed the 
diagonal line shown in Figure 2. However, the weight 
fraction of acetic acid in the permeate for the PST 
membrane was slightly higher than that of the va- 
por-liquid equilibrium line, the weight fraction of 
acetic acid in the feed being less than around 0.8. 
The permselectivity toward acetic acid is on the or- 
der of PST > PBEHMA > PBMA. 

This difference in selectivity may be explained in 
terms of the solubility parameter l7 or the membrane 
polarity, which was proposed as an index for the 
selection of pervaporation membrane materials. In 
the present study solubility parameters were adopted 
because of a lack of comprehensive knowledge of the 
membrane polarities of these polymers. The solu- 
bility parameter (&,), consisting of the contribu- 
tions of dispersion forces ( a d ) ,  dipole forces (a,), 
and hydrogen bonding ( a h ) ,  were calculated for each 
membrane, as in the literature.20-22 The space dis- 
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Figure 2 Effect of feed composition on the separation 
of acetic acid/water mixtures and flux through PST, 
P2EHMA, and PBMA membranes. Operating temp., 
25OC; downstream pressure, 380-450 Pa (2.9-3.4 mmHg); 
(0) PST membrane; ( 0 )  PBEHMA membrane; ( 0 )  
PBMA membrane; - -, vapor-liquid equilibrium curve. 

tance between acetic acid and membrane (DAM) 
and that between water and membrane (DWM) are 
defined by eqs. (4)  and (5) with the following values: 
6d.A = 14.5 J112 Cm-3/2, d p , ~  = 7.98 J112 Cm-3/2 , and 
6h,A = 13.5 J112 ~ m - ~ / ~  for acetic acid2'S2l; and 

= 17.6 J 1/2 

selves are 14: 

= 19.5 J112 ~ m - ~ ' ~ ,  = 17.8 J1/2 ~ m - ~ / *  7 and ah,W 

for water.23 The equations them- 

Estimated DAM and DWM for these three mem- 
branes are summarized in Table 11. The tendency 
of the permselectivity toward acetic acid through 
these membranes correlated with the increase in 
DWM. The larger the space distance of a,, between 
water and membrane became, the more the water 
molecule was repelled from the membrane material. 
As a result, the pervaporation selectivity was in- 
creased with the increase in DWM. The expectations 
with regard to permselectivity deduced from the or- 
der of DAM in Table I1 were opposite to both the 
observed permselectivity and the expectation from 
DWM. In the present study, the permselectivity can 
be explained by DWM but not by DAM. 

The total flux values for PBMA and P2EHMA 
increased with the increase in acetic acid feed frac- 
tion. Especially the flux values increased drastically 
over the feed fraction of 0.7. On the other hand, the 
total flux value for PST decreased with the increase 
in acetic acid feed fraction. 

Among these three polymeric materials, it can be 
said that PST is preferable as a membrane matrix. 
Hereafter, PST was used as a membrane matrix. 

Pervaporation Through 4VP/Sl Membranes 

Figure 3 indicates the results of the pervaporation 
through PST, 4VP/ST-028, and 4VP/ST-050, 
where weight fractions of acetic acid in the permeate 
and total fluxes are plotted against the weight frac- 
tions of acetic acid in feed. Unexpectedly, a prom- 
inent improvement of the permselectivity toward 
acetic acid was scarcely attained by the introduction 
of a pyridine moiety into the PST membrane matrix. 

It was reported that water molecules are per- 
meated in preference to ethanol through hydropho- 
bic polymeric membranes, such as poly (vinyl chlo- 
ride ) , 24 polystyrene, 25 and poly (vinyl p -tert-butyl- 
benzoate ) 26 even though ethanol was preferentially 
incorporated into them. In the present study, the 
same phenomenon could be anticipated. Based on 
this, the composition of acetic acidlwater mixtures 
adsorbed in PST and 4VP/ST-050 were investi- 
gated. The results are shown in Figure 4. Acetic acid 

Table I1 Solubility Parameters 

PBMA 18.0 7.96 18.1 
P2EHMA 17.3 9.59 19.7 
PST 18.2 15.6 24.3 
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Figure 3 Effect of feed composition on the separation 
of acetic acid/ water mixtures and flux through 4VP/ST- 
050,4VP/ST-028, and PST membranes. Operating temp., 
25°C; downstream pressure, 380-450 Pa (2.9-3.4 mmHg); 
(0 )  PST membrane; ( 0 )  4VP/ST-028 membrane; (a) 
4VP/ST-050 membrane; - * -, vapor-liquid equilibrium 
curve. 

was preferentially incorporated into both mem- 
branes from aqueous acetic acid mixtures (Fig. 4).  
Especially weight fractions of acetic acid in 4VP/ 
ST-050 membrane were higher than not only those 
for PST membrane but also for the vapor-liquid 
equilibrium curve at 25OC in the whole feed fraction 
range. The degree of swelling increased with the in- 
crease in weight fraction of acetic acid in feed. As 
expected, the degree of swelling for 4VP / ST-050 
was higher than that for PST. Both curves tended 
to increase with the increase in feed fraction from 
the feed fraction of around 0.7. This increase ten- 
dency for the 4VP/ST-050 membrane was promi- 
nent. This might be due to the specific interaction 
between acetic acid and the pyridine moieties in the 

membrane; that is, an acid-base interaction between 
permeant and membrane material. From flux values 
for PST and 4VP/ST-050 membranes shown in 
Figure 3 and swelling behavior for these membranes 
in Figure 4, low flux value for 4VP/ST-050 mem- 
brane might be due to the decrease in diffusivity for 
both permeants by the introduction of pyridine 
moiety into the PST membrane. 

Using the data shown in Figure 4, we evaluate 
the solubility selectivity, Ss . Diffusivity selectivity, 
SD, can be estimated using both separation factor, 
a, and Ss (see Appendix). a, S s ,  and S D ,  for PST 
and 4VP / ST-050 membranes are shown in Figures 
5 and 6, respectively. The solubility selectivity to- 
ward acetic acid was increased by the introduction 
of pyridine moieties into the membrane and that 
was over unity in the whole composition range. This 

0 0.2 0.4 0.6 0.8 1.0 

Weight Fraction of 
Acetic Acid in Feed 

Figure 4 Effect of acetic acid feed concentration on the 
concentration of solution sorbed in PST and 4VP/ST- 
050 membranes and on the degree of swelling. Operating 
temp., 25°C; (a) 4VP/ST-050 membrane; (0) PST 
membrane; - - -, vapor-liquid equilibrium curve. 
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is due to the specific interaction between acetic acid 
and a fixed carrier, pyridine moiety, in 4VP/ST- 
050 membrane. Permselectivity toward acetic acid 
for 4VP/ST-050 was, however, not improved in 
comparison with PST membrane. This might be due 
to low diffusivity selectivity of 4VPST-050 mem- 
brane (Fig. 6 ) .  SD for acetic acid in the 4VP/ST- 
050 was below unity in the whole feed composition. 
SD for PST membrane also gave a similar tendency 
as observed for the 4VP / ST-050 membrane except 
in the low feed composition range. The results of 
Figures 5 and 6 might be explained as follows com- 
paring the pervaporation of aqueous ethanol solution 
through the hydrophobic  membrane^.'^-^^ The acetic 
acid molecules are incorporated into the membrane 
in preference to water molecules. However, it is dif- 
ficult for acetic acid molecules to migrate from the 
upstream side to the downstream side because of 
the relatively strong interaction between acetic acid 
and the membrane material. An especially strong 
interaction can be expected for an acetic acid/4VP/ 
ST-050 membrane system. On the other hand, it is 
difficult for water molecules to be incorporated into 
these membranes because of the hydrophobic nature 
of PST and 4VP/ ST-050 membranes. Water mol- 
ecules incorporated into the membrane, however, 
might diffuse through it with ease because of the 
weak interaction between water and the membrane 
material. Water molecules might also migrate 
through the membrane faster than acetic acid mol- 

4 l7----l 
0 

v) 

ui 
v) 

ti 
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Figure 5 Effect of acetic acid feed concentration on 
separation factor ( a ) ,  solubility selectivity ( S S )  , and dif- 
fusivity selectivity ( S D )  of PST membrane. Operating 
temp., 25OC; downstream pressure, 380-450 Pa (2.9-3.4 
mmHg); ( 0 )  a; ( 0 )  S S ;  ( 0 )  SD-) 
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Figure 6 Effect of acetic acid feed concentration on 
separation factor ( a ) ,  solubility selectivity ( Ss) , and dif- 
fusivity selectivity ( S D )  of 4VP/ST-050 membrane. Op- 
erating temp., 25°C; downstream pressure, 380-450 Pa 
(2.9-3.4 mmHg); ( 0 )  a; ( 0 )  S S ;  ( 0 )  SD.) 

ecules due to the difference in molecular size between 
acetic acid and water. As a result, permselectivity 
toward acetic acid was not attained by the polymeric 
membranes having a pyridine moiety as a fixed car- 
rier. The following two methods to attain acetic acid 
permselective pervaporation membranes are: 1. in- 
troduction of other amine moiety, with a p Ka value 
which is much higher than that of the pyridine 
moiety, into the membrane. This leads to an increase 
in solubility selectivity toward acetic acid. ( 2 )  
Adoption of a more hydrophobic membrane matrix, 
such as polymers consisting of fluorocarbons or sil- 
oxanes, in lieu of PST. This causes a decrease in 
water solubility for the obtained membrane, that is, 
such a membrane material can prevent water mol- 
ecules from being incorporated into the membrane. 

APPENDIX 

Obeying the solution-diffusion theory, separation 
factor for the present study can be given byz7 

a Pacetic ac id lpwater  ( A l )  

where Pacetic acid and PWate, denote the permeability 
coefficients for acetic acid and water, respectively. 
Solubility selectivity, Ss, can be led to the derivation 
of eq. (A2) from eq. ( 3 ) :  
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where Sacetic acid and Swater are the solubility coeffi- 
cients of acetic acid and water, respectively. From 
eq. (A1 ) and (A2),  diffusivity selectivity, S D ,  is given 
by 

where Dacetic acid and Dwater are the diffusivity coeffi- 
cients of acetic acid and water, respectively. 

The authors wish to thank Ms. Rita Darkow, who is on 
leave from Humboldt University a t  Berlin, Germany, for 
useful discussions. 

REFERENCES 

1. K. W. Boddeker and G. Bengtson, in Pervaporation 
Membrane Separation Processes; R. Y. M. Huang, Ed., 
Elsevier, Amsterdam, 1991, p. 437. 

2. M. Yoshikawa, T. Yukoshi, K. Sanui, and N. Ogata, 
Maku (Membrane), 10, 247 (1985). 

3. K. Weissermel and H.-J. Arpe, Industrielle Organische 
Chemie, 2nd ed., Verlag Chemie GmbH, Weinheim, 
1976. 

4. M. S. Reisch, C&EN, April 9, 11 (1990). 
5 .  H. Miyoshi, K. W. Boddeker, K. Hattenbach, and A. 

Wenzlaff, Maku (Membrane), 13,109 (1988). 
6. R. Y. M. Huang, A. Moreira, R. Notarfonzo, and Y. F. 

Xu, J .  Appl. Polym. Sci., 35, 1191 (1988). 
7. R. Y. M. Huang and Y. F. Xu, J. Membrane Sci., 43, 

143 ( 1989). 
8. S. Deng, S. Sourirajan, and T. Matsuura, Proceedings 

of Fourth International Conference on Pervaporation 
Processes in the Chemical Industry, Ft. Lauderdale, 
FL, December 3-7, 1989, R. Bakish, Ed., p. 84. 

9. R. Y. M. Huang and C. K. Yeom, J .  Membrane Sci., 
58,33 (1991). 

10. R. Y. M. Huang and C. K. Yeom, ibid., 62,59 ( 1991 ) . 
11. M. Yoshikawa, T. Yukoshi, K. Sanui, N. Ogata, and 

T. Shimidzu, Maku (Membrane), 12,158 (1987). 

12. M. Yoshikawa, T. Ohsawa, M. Tanigaki, and W. Egu- 
chi, J. Polym. Sci., Polym. Lett., 26, 89 (1988). 

13. M. Yoshikawa, T. Ohsawa, M. Tanigaki, W. Eguchi, 
and N. Ogata, Sen-i Gakkaishi, 44, 551 (1988). 

14. M. Yoshikawa, T. Ohsawa, M. Tanigaki, and W. Egu- 
chi, J .  Appl. Polym. Sci., 37, 299 (1989). 

15. T. Shimidzu and M. Yoshikawa, in Pervaporation 
Membrane Separation Processes, R. Y. M. Huang, Ed., 
Elsevier, Amsterdam, 1991, p. 321. 

16. J. Gmehling and U. Onken, in Vapor-Liquid Equilib- 
rium Data Collection, Vol. I, Part 1, D. Behrens and 
R. Eckermann, Eds., DECHEMA, Frankfurt, 1977. 

17. I. Cabasso, Ind. Eng. Chem. Prod. Res. Deu., 22,313 
(1983). 

18. M. Yoshikawa, N. Ogata, and T. Shimidzu, J .  Mem- 
brane Sci., 26, 107 (1986). 

19. M. Yoshikawa and T. Shimidzu, Proceedings of the 
International Membrane Conference on the 25th An- 
niversary of Membrane Research in Canada, Septem- 
ber 24-26, 1986, M. Malaiyandi, 0. Kutowy, and F. 
Talbot, Eds., p. 173. 

20. C. M. Hansen and B. Beerbower, in Encyclopedia of 
Chemical Technology, A. Standen, Ed., Wiley-Inter- 
science, New York, 2nd ed., 1971, Suppl. Vol. A, p. 
889. 

21. D. M. Koenhen and C. A. Smolders, J.  Appl. Polym. 
Sci., 19, 1163 (1975). 

22. T. Matsuura, Gouseimaku no Kiso, Kitami Shobo, 
Tokyo, 1981, p. 25. 

23. C. M. Hansen and P. E. Pierce, Ind. Eng. Chem. Prod. 
Res. Deu., 31,218 (1974). 

24. T. Uragami, T. Morikawa, and H. Okuno, Polymer, 
30,1117 (1989). 

25. T. Uragami and T. Morikawa, Makromol. Chem., 190, 
399 ( 1989). 

26. H. Okuno, M. Tsuchioka, and T. Uragami, Sen-i Gak- 
kaishi, 46, 367 (1990). 

27. C. H. Lee, J .  Appl. Polym. Sci., 19,83 (1975). 

Received May 25, 1993 
Accepted July 26, 1993 




