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Modified polysulphone membranes: 
1. Pervaporation of water/alcohol mixtures 
through modified polysulphone membranes 
having methyl ester moiety* 

Masakazu Yoshikawat,  Hirohisa Hara and Masataka Tanigaki 
Department of Chemical Engineering, Faculty of Engineering, Kyoto University, 
Kyoto 606, Japan 

and Michael Guiver and Takeshi Matsuura 
Institute for Environmental Chemistry, National Research Council Canada, Ottawa, 
Ontario, KIA OR6, Canada 
(Received 28 August 1991; revised 18 February 1992; accepted 25 March 1992) 

Membranes were prepared from modified Udel P-3500 polysulphone having methyl carboxylate groups, 
of which the degree of substitution ranged from 0.05 to 1.90 ester groups per repeat unit. The membranes 
showed permselectivity towards water in the pervaporation of aqueous alcohol solutions. 

(Keywords: pervaporation; membranes; permselectivity; functionalized polysulphones; chemical modification) 

I N T R O D U C T I O N  

Polysulphone is widely used for synthetic polymeric 
membranes, particularly in ultrafiltration processes and 
as porous backing supports for thin-film composite 
reverse osmosis membranes. It is a high-performance 
thermoplastic with excellent mechanical strength and 
film-forming quality. However, its relatively hydrophobic 
nature limits its utility as a material for water-permeable 
pervaporation membranes. The introduction of polar 
functional moieties onto the polymer chain increases the 
hydrophilicity, allowing greater water permeability. 

Polysulphone has been modified in a number of ways 
with the aim of obtaining membrane materials having 
higher performance 1-17. We know, however, of only a 
few examples of modification of polysulphone as 
membrane materials for pervaporation ~°'12. We have 
been investigating novel membrane materials for 
water-permeable pervaporation by using hydrogen- 
bonding interaction 18'19 or ion dipole interaction 2°'2~ 
as a specific interaction to recognize the water molecule 
with high selectivity. 

In continuation of these studies, we report the 
pervaporation of various water/alcohol mixtures, 
especially water/ethanol solutions, through modified 
polysulphone membranes having methyl ester moiety as 
a hydrophilic site. 

*Issued as NRCC No. 34211 
tTo whom correspondence should be addressed at present address: 
Department of Polymer Science and Engineering, Kyoto Institute of 
Technology, Matsugasaki, Kyoto 606, Japan 

EXPERIMENTAL 

Materials 

Udel P-3500 was obtained from Amoco Performance 
Products. 

Modification of polysulphone Udei P-3500 to 
introduce methyl ester moieties onto the polymer consists 
of three steps shown in Scheme 1, as reported 
previouslyXl: (1 ) l i th ia t ion  with n-butyllithium; (2) 
carboxylation with carbon dioxide; (3) esterification 
with iodomethane. Five polymers containing 0.05, 0.29, 
1.05, 1.43 and 1.90 methyl carboxylate groups per repeat 
unit (designated ME005, ME029, ME105, ME143 and 
ME190) were prepared. 

Various alcohols were purified in the usual manner zz. 
Deionized water was used. 

Preparation of membranes 

All membranes were prepared by casting from 
chloroform solution ( 5 0 g d m - 3 ) .  The solutions were 
cast onto a glass plate with an applicator (casting 
thickness, 0.254 mm), and the solvent was allowed to 
evaporate at ambient temperature overnight. The 
resulting membranes were dried at 45°C for 8 h and 
ranged in thickness from 7 to 12 ~tm. 

Determination of membrane polarity 

Membrane polarity in terms of Dimroth 's  solvent 
polarity value E~(25°C) was measured according to the 
method described previously, using 1-octadecyl-3,3- 
dimethyl-6'-nitrospiro (indoline-2,2'-2H-benzopyran) as 
the indicator 13. A 500 W xenon lamp was used as the 
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Measurement of  degree of  swelling 

A sample of membrane that had been dried to constant 
weight (Wd) was immersed in water or ethanol at 25°C. 
When the sorption equilibrium was reached, the sample 
was weighed rapidly after blotting free surface liquid. The 
degree of swelling of membranes was defined by: 

Degree of swelling = 100 x ( W  s - Wd) /W d (2) 

where Wd and W s denote the weight of dry and of 
solvent-swollen membrane, respectively. 

RESULTS AND DISCUSSION 

Characterization of  membranes 

Membrane polarity ET(25°C), together with the 
wavelength of the absorption maximum of the indicator, 
and the degree of swelling for water and ethanol, are 
summarized in Table 1. 

Membrane polarity increased with an increase in the 
methyl ester content in the polymer. 

From the data on the degree of swelling, these 
membranes showed a tendency to swell in both ethanol 
and water. This suggests that pervaporation phenomena 
in the present study were highly dependent on the internal 
concentration both of water and of ethanol. This 
speculation is tested in the section 'Permeation 
mechanism of water/ethanol mixture'. 

light source. The membrane was illuminated with u.v. 
light using Corning colour filter no. 7-54. Absorption 
spectra were measured with a Spectro Multichannel 
Photo Detector MCPD-110A (Photal). 

Pervaporation 

Permeation of water/alcohol mixture through the 
membrane was carried out as described previously 24. The 
membrane area in contact with liquid was 10.5 cm 2. 
The downstream pressure was maintained at 400 Pa 
(3.0 mmHg). 

The flux was determined by weighing the permeate 
sample collected in a cold trap. The separation factor ct 
was calculated by determining the composition of the 
feed liquid mixtures and the permeates. The composition 
analysis was carried out on a Shimadzu GC-8A gas 
chromatograph equipped with a 3.1 m column packed 
with poly (ethylene glycol) PEG 6000 on Shimalite TPA. 
The separation factor is defined by: 

= (Yw,ter/Yalcohol)/(Xw,tor/X,l¢oho,) (1) 

where Yi is the weight fraction of the component i in the 
permeate and Xi that in the feed. 

Spectroscopic measurement 

I.r. spectra of Udel P-3500 and ME190 in chloroform 
and in chloroform containing either water or ethanol 
were measured at ca. 27°C using a Nicolet 20 DXB 
FTi.r. spectrometer. The polymer concentrations were 
1.75 g dm -3 for Udel P-3500 solution and 2.18 g dm -3 
for ME 190 solution. Concentrations of water and ethanol 
were adjusted to be 4.24 x 10 -2 mol dm -3 for Udel 
P-3500/chloroform solution and 4.14 x 10-2 mol dm-3 
for ME190/chloroform solution, respectively. The molar 
ratio of water or ethanol to that of Udel P-3500 in the 
solution was 10.7 and that of ME190 system was 10.5. 

Pervaporation of  water~ethanol mixture 

Figure 1 shows results of the pervaporation experi- 
ments, where the weight fraction of water in the permeate 
is plotted as a function of water fraction in the feed. 
Figure 2 shows the separation factor (~) and the total 
flux values plotted versus the weight fraction of water in 
the feed. All six membranes, both parent polysulphone 
membrane and modified polysulphone membranes 
having methyl ester group, are preferentially permeable 
to water. The full curves in Figures 1 and 2 are calculated 
according to equations (8), ( 13 ) and ( 15 ), and associated 
pervaporation parameters summarized in Table 2. The 
method of calculation is described in detail in the next 
section. 

In Figure 3, the separation factor and the total flux 
are plotted versus the degree of substitution of methyl 
ester, for the feed water mole fraction of 0.50. The 
selectivity towards water tended to increase with the 
increase in degree of substitution, while the flux showed 
a tendency to decrease. Thus, the introduction of the 
methyl ester moiety onto the polymer improved the 
dehydration capacity of the membrane by raising its 
permselectivity towards water. 

Table 1 Characterization of membranes 

Degree of swelling b 
Polymer 2 E T (25°C) = 
membrane (nm) (kcal mo1-1 ) In water In ethanol 

Udel P-3500 599 33.2 3.4 10.1 
ME005 598 33.6 3.0 10.1 
ME029 598 33.6 3.8 13.4 
ME105 596 34.3 1.6 9.2 
ME143 594 35.1 1.3 8.6 
ME190 594 35.1 0.8 8.2 

"ET(25°C) = (688.3 - 2~x)/2.69 
b Degree of swelling = 100 x ( W s -- W d)/Wd, where W d = weight of dry 
membrane and W~ = weight of solvent-swollen membrane 
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Table 2 Transport parameters applicable for the system water/ethanol mixture and polysulphone and methyl ester polysulphone membranes" 

Polymer 106l 1013P0. E 1013P0, w 104BEE 104BwE 104Bww 
membrane (m) (m 2 h -1 ) (m z h 1) (m 3 mo1-1 ) (m 3 tool -1 ) (m 3 mol 1) 

Udel P-3500 12 3.8 22 5.0 5.5 1.2 

ME005 8 0.27 13 6.6 4.6 1.1 

ME029 9 0.60 2.3 6.4 6.6 1.5 

ME 105 9 0.70 23 6.0 4.3 1.0 

ME143 10 2.6 120 3.0 3.2 0.31 

ME190 7 4.3 220 2.0 2.7 0.28 

"Operating pressure, 400 Pa (3.0 mmHg);  operating temperature, 25°C 

The interaction between the introduced ester moiety 
and the permeants, water and ethanol, were investigated 
by i.r. The ester group carbonyl ( > C = O )  stretching 
band was 1738 cm-  1 when the polymer was dissolved in 
chloroform. A small but measurable band shift to 
1737 cm -1 was observed when water or ethanol were 
present. These results suggest that the hydrogen-bonding 
ability of the ester group both with water and with 
ethanol is nearly equal. Both water and ethanol may 
therefore interact with the ester group equally, as 
previously observed in the pervaporation of water/ 
ethanol mixture through poly(methyl methacrylate-eo- 
styrene) membranes 2s. This indiscriminate hydrogen- 
bonding interaction hinders a greater improvement of 
permselectivity towards water in the presence of the 

methyl ester moiety. On the other hand, an interaction 
between sulphone moieties in both parent and modified 
polymers and permeants was scarcely observed. 

Permeation mechanism of water/ethanol mixture 

In order to study the permeation mechanism of water 
and ethanol through the membrane, the observed total 
fluxes were separated into their respective water and 
ethanol fluxes, so that they could be plotted against their 
feed concentration. The same method was reported 
previously18--20,24. The relationship between each 
component flux and feed concentration is shown in Figure 
4, for membrane ME143 as an example. The ethanol 
curve (on the right) shows an exponential profile. On 
the other hand, water flux dependence (on the left) on 
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its feed concentration appears more complicated. Similar 
relationships to Figure 4 were obtained for other 
membranes.  The relationships in Figure 4 show the 
dependence of water flux on the water concentration in 
the feed and the relationship between ethanol flux and 
the ethanol concentration in the feed. 

For permeation of ethanol, the diffusion coefficient 
D usually depends on the local concentration of 
ethanol 26-33. In some cases the concentration dependence 
of the diffusion coefficient has been reported to be 
linear 3° : 

D = Do(1 + aC)  (3) 

and in the other cases, an exponential form was 
observed 3° : 

D = O o exp(bC) (4) 

In these two equations, Do is the D value as the permeant 
concentration approaches zero; a and b are coefficients 
characteristic of the membrane /permeant  interaction ; (7 
denotes the permeant concentration in the membrane.  
Equation (4) will be used hereafter, since it is more 
suitable in cases where the diffusion coefficient is more 
dependent on concentration. For  ethanol permeation 
through these membranes,  equation (4) becomes: 

DE = Do,E exp (bEEC E ) ( 5 )  
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Figure 4 Effect of feed composition on the separation of aqueous ethanol solution for membrane ME143 : downstream pressure, 400 Pa (3.0 mmHg) ; 
operating temperature, 25°C ; ( ) calculated, according to equations (8) and ( 13 ), and using the coefficient numerical values summarized in Table 2 

From equation (5) and Fick's first law of diffusion, 
ethanol flux through the membrane is given by: 

JE = -- DO,E exp ( bEE CE ) d(~E/dX (6) 

In the steady state, equation (6) can be solved in terms of: 

C~ = CE, x at x = x 

with boundary condition: 

CE = CE,o( = KECE.o) at x = 0 

where K E is the solubility coefficient of ethanol. The result 
is 

CEx 1 l n ( e x p  (BEECE,0) BEeJE) 
' - - x ( 7 )  

Ce,o BEECE.o PO,E 

By making use of equation (7), we are able to obtain 
the concentration profile in the steady state across the 
membrane as shown in Figure 5. With an assumption of 
ethanol concentration (CE) at the downstream side of 
the membrane (x = l) being zero, which is generally 
regarded as being acceptable, equation (8) is derived 
from equation (7): 

Je = (Po,E/BEE1)[exp(BEECE.o)- 1] (8) 

where PO,E ( =  DE,oKE) is the permeability coefficient at 
zero concentration of ethanol. 

Next, we describe the water permeation through 
the membranes. As shown in Figure 4, a complicated 
profile for water flux dependence was obtained. From 
the fact that these membranes were swollen by both water 
and ethanol, and the relationship between separated 
water flux and water concentration shown in Figure 4, 
the diffusion coefficient for water was considered to 

depend on the local concentration of both water and 
ethanol. The general expression may be given in equation 
(9), in which the exponential depends separately on the 
local concentrations of ethanol and water : 

D w = Do. w exp(bwwCw + bweCE) (9) 

Combination of equation (9) and Fick's first law of 
diffusion gives the water flux through the membrane: 

Jw = -Do,w exp(bwwCw + bw~CE) dCw/dx (10) 

In the steady state, integration of equation (10) when 
the boundary conditions are 

C E : CE, O ( =  KECE,o) 
atx=0 

Cw = Cw,o( = KwCw.o) 

and 

CE = CE,x C w  : Cw,x 

is given by: 

(i) In the case BEE :# BWE, 

Cw.x _ 1 In ~'exp(BwwCw.o) 
Cw.o BwwCw,o [ 

Jw  PO.E Bww 

Je Po,w BEe -- Bwe 

× / [exp(BEeCE, o)] 1 Bwl /BI:I 

-- (exp(BEeCE o) BEEJEx~ 1 
' PO,E J 

a t x = x  

B~ [/BF I 1 t 

(11) 
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Calculated concentration profiles for membrane ME143 under the operating pressure of 400 Pa (3.0 mmHg): ( - - )  calculated, according 
to equations (7) and (11 ), and using the coefficient numerical values summarized in Table 2. The curves as follows: 

Conc. (tool m 3) a b c d e f 

10- 3Cw, o 47.74 40.51 32.78 24.68 16.47 7.846 

10 aCE. o 2.546 5.003 7.528 10.05 12.50 14.98 

(ii) I n  t he  case  BEE ---- BWE ---- B E, 

Cw.x _ 1 - ln)~exp(BwwCw~ o) PO,E JwBww 
Cw,o BwwCw,o ( ' Po,w JE BE 

Concentration profiles of water in the membrane can be 
given by either equation (11 ) or (12). Some results are 
shown in Figure 5. Furthermore, the assumption of both 
water and ethanol concentration (Cw and CE) at the 
downstream side of the membrane (x = l) being zero 
results in equations (13) and (14), respectively, from 
equations (11) and (12): 

(i) In the case BEE ~ BWE, 

Po.w BEE -- BWE 
J w  = 

1 BwwBEE 

[exp(BEECE,o)- 1][exp(BwwCw,o)- 1] 
x 

e x p [ ( B E E  -- BwE)CE,o]  --  1 

(ii) I n  t he  case  BEE -- BWE -- B E, 

Jw - Po,w 1 [exp(BwwCw,o)- 1] 
Bwwl BECE,o 

X [ e x p ( B E C E , o ) -  1]  

(13) 

(14) 

Equations for the separation factor may be obtained from 
equations (8), (13) and (14): 

(i) In the case BEE ~ BWE, 

JW/JE 

Cw,o/CE,o 

= Po, WBEE -- BWE [exp(BwwCw,o) --  1ICE,  O 

PO,E Bww {exp[(BEE --  BwE)CE,o]  --  1}Cw,o  

(15) 

(ii) I n  t he  case  BEE = BWE = B E, 

Po w exp(BwwCw o) - 1 
= • ' (16) 

PO,E BwwCw,o 

In the present paper, equations (13) and (15) were 
considered valid. BEE and PO,E were determined first by 
using the ethanol flux-ethanol feed concentration 
relation and then Po,w, BWE and Bww were determined 
to fit the observed data. The five parameters in the flux 
equations, determined to fit Figure 4 best, are 
summarized in Table 2. It is difficult to correlate intrinsic 
permeability coefficients Po of both water and ethanol 
with some characteristic properties of polymers. Po.w and 
PO,E, however, tend to increase with an increase in methyl 
ester content in the membrane. The coefficients of the 
exponential model, BEE, BWE and Bww, showed 
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tendencies to decrease with increase in methyl ester 
content in the membrane. This suggests that the 
introduction of methyl ester onto the polymer leads to 
the suppression of the swelling effect of water and ethanol 
on polymeric membranes. 

The curves for weight fractions of water in permeate 
in Figure 1, fluxes in Figures 2 and 4, and separation 
factors in Figure 2 are the ones calculated according to 
equations (8), (13) and (15) and using numerical 
coefficient values summarized in Table 2. Theoretical 
curves except those for separation factor agreed well with 
the observed value. It was concluded, therefore, that the 
pervaporation flux observed experimentally under the 
downstream pressure of 400 Pa (3.0 mmHg) could be 
obtained by calculation using equations (8), (13) and 
(15), and zero downstream pressure. On the other hand, 
theoretical curves for separation factor in Figure 2, which 
is thought to be very sensitive to small variations in 
calculated flux values, could not simulate the observed 
results well. 

As mentioned above, we can obtain the concentration 
distribution at steady state in the membrane according 
to equations (7) and (11), and taking the obtained 
coefficient values in these two equations. As an example, 
water and ethanol distributions in membrane ME143 is 
shown in Figure 5. 

Relationship between membrane polarity and membrane 
performance 

It is important to correlate membrane performance to 
some parameters characteristic to the polymer material, 
since it may lead to the effective molecular design of 
novel membrane materials. Based on this idea, one of 
the authors proposed in earlier work that membrane 
polarity is one of the most promising parameters 
in the development of membrane materials for 
pervaporation 34,35. 

Figure 6 shows the relationship between separation 
factor and polarity of the membrane under study. The 
correlation coefficient for the present relationship was 
determined to be 0".866. As previously reported 34"35, the 
separation factor tends to increase as the membrane 
polarity comes closer to that of water, 63.1 kcal mol-1 
(ref. 36). It is considered that a membrane having 
membrane polarity close to that of water can incorporate 
water more easily into the membrane, causing an increase 
in the permselectivity towards water. 

Pervaporation of various water/alcohol mixtures 

Table 3 shows the separation factor and the total flux 
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to 
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tO 
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of the membrane prepared from ME190 and the 
membrane prepared from Udel P-3500 towards aqueous 
solutions of various alcohols containing 0.90 weight 
fraction of water. In these pervaporation systems, water 
permeated preferentially through both membranes. 
Furthermore, the modified polysulphone membranes 
gave higher selectivity towards water than the parent 
polysulphone membrane. These results suggest that the 
present membranes are potentially applicable for 
dewatering aqueous organic solutions. It is, however, 
necessary to give higher flux values with the present 
membranes so that they can be applicable to such a 
purpose. An improvement in membrane performance 
might be accomplished by the formation of composite 
membranes. 

CONCLUSIONS 

Modified Udel P-3500 membranes having methyl 
carboxylate groups showed selective permeation of water 
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Figure 6 Relationship between separation factor (:t) and membrane  
polarity for polysulphone and modified polysulphone with various 
degrees of substi tution: downstream pressure, 400 Pa (3.0 m m H g ) ;  
operating temperature, 25°C ; weight fraction of water in feed, ca. 0.5 

Table 3 Results of pervaporation of water/alcohol binary mixture a 

ME190 Udel P-3500 

Separation Flux Separation Flux 
Alcohol factor, ct (g m 2 h 1 ) factor, ~ (g m -  2 h -  1 ) 

Methanol 4.32 8.09 3.03 12.1 

Ethanol 63.8 8.37 32.2 17.5 

1 -Propanol ~ 10.1 153 18.0 

2-Propanol 1290 7.74 1060 9.32 

2-Butanol 408 7.13 322 14.2 

3-Methyl-2-propanol ~ 11.8 573 10.5 

"Operating temperature 25°C; downstream pressure, 400 Pa (3.0 m m H g ) ;  weight fraction of water in feed, ca. 0.90 
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from various aqueous alcohol solutions. The presence of 
methyl carboxylate groups was effective in improving the 
membrane performance. According to the analysis of the 
permeation data by the solution-diffusion model, the 
diffusion coefficient for water was an exponential function 
of both water and ethanol concentrations, while that for 
ethanol was an exponential function of ethanol 
concentration alone. 

A C K N O W L E D G E M E N T S  

We are grateful to Professor Takeo Shimidzu of the 
Division of Molecular Engineering, Graduate School of 
Engineering, Kyoto University, for kindly providing the 
indicator, 1-octadecyl-3,3-dimethyl-6'-nitrospiro(indoline- 
2,2'-2H-benzopyran), and permitting us to use the 
apparatus for measuring membrane polarity. 

We are also grateful to Dr C. E. Capes, Head of Process 
Technology, Institute for Environmental Chemistry, 
National Research Council Canada, for his continuous 
encouragement. We thank Mr S. Croteau for technical 
assistance in the preparation of modified polymers. 

REFERENCES 

1 Noshay, A. and Robeson, L. M. J. Appl. Polym. Sci. 1976, 20, 
1885 

2 Johnson, B. C., Yilgor, I., Tran, C., Iqbal, M., Wightman, J. P., 
Lloyd, D. R. and McGrath, J. E. J. Polym. Sci., Polym. 

Chem. Edn. 1984, 22, 721 
3 Daly, W. H. Macromol. Sci.-Chem. (A) 1985, 22(5-7), 713 
4 Guiver, M. D., ApSimon, J. W. and Kutowy, O. J. Polym. Sci., 

Polym. Lett. Edn. 1988, 26, 123 
5 Guiver, M. D., Kutowy, O., McCurdy, W. A. and ApSimon, 

J.W. Proc. Int. Memb. Conf. on the 25th Anniversary of 
Membrane Research in Canada (Eds. M. Malaiyandi, 
O. Kutowy and F. Talbot ), National Research Council, Ottawa, 
1986, p. 187 (NRCC No. 27422) 

6 Guiver, M. D., ApSimon, J. W. and Kutowy, O., US Patents 
4 797 457 (10 Jan. 1989)and 4 833 219 (23 May 1989) 

7 Guiver, M. D., Tremblay, A. Y. and Tam, C. M. in 'Advances 
in Reverse Osmosis and Ultrafiltration' (Eds. T. Matsuura and 
S. Sourirajan), National Research Council, Ottawa, 1989, p. 53 
(NRCC No. 29895 ); Proc. Symp. Advances in Reverse Osmosis 
and Ultrafiltration, Toronto, 1988 

8 Higuchi, A., Iwata, N., Tsubaki, M. and Nakagawa, T. J. Appl. 
Polym. Sci. 1988, 36, 1753 

9 Guiver, M. D., Kutowy, O. and ApSimon, J. W. Polymer 1989, 
30, 1137 

10 Nagase, Y., Naruse, A. and Matsui, K. Polymer 1989, 30, 1931 
11 Guiver, M. D., Croteau, S., Hazlett, J. D. and Kutowy, O. Br. 

Polym. J. 1990, 23, 29 
12 Nagase, Y., Naruse, A. and Matsui, K. Polymer 1990, 31, 121 
13 Higuchi, A., Iwata, N. and Nakagawa, T. d. Appl. Polym. Sci. 

1990, 40, 709 
14 Higuchi, A. andNakagawa, T.J.  Appl.Polym. Sci. 1990,41,1973 
15 Warshawsky, A., Kahana, N., Deshe, A., Gottlieb, H. E. and 

Arad-Yellin, R. J. Polym. Sci., Polym. Chem. Edn. 1990, 28, 2885 
16 Warshawasky, A. and Kedem, O. J. Membrane Sci. 1990, 53, 37 
17 Mohr, J. M., Paul, D. R., Pinnau, I. and Koros, W. J. 

J. Membrane Sci. 1991, 56, 77 
18 Yoshikawa, M., Yukoshi, T., Sanui, K. and Ogata, N. J. Polym. 

Sci., Polym. Chem. Edn. 1986, 24, 1585 
19 Yoshikawa, M., Adachi, Y., Yokoi, H., Sanui, K. and Ogata, 

N. Macromolecules 1986, 19, 47 
20 Yoshikawa, M., Yukoshi, T., Sanui, K. and Ogata, N. J. Appl. 

Polym. Sci. 1987, 33, 2369 
21 Yoshikawa, M., Ochiai, S., Tanigaki, M. and Eguchi, W. 

Makromol. Chem., Rapid Commun. 1988, 9, 559 
22 Riddick, J. A. and Bunger, W. B. 'Organic Solvents', 3rd Edn., 

Wiley, New York, 1970 
23 Shimidzu, T. and Yoshikawa, M. Polym. J. 1983, 15, 135 
24 Yoshikawa, M., Ohsawa, T., Tanigaki, M. and Eguchi, W. 

J. Appl. Polym. Sci. 1989, 37, 299 

25 Yoshikawa, M., Yukoshi, T., Sanui, K., Ogata, N. and 
Shimidzu, T. Maku (Membrane) 1987, 12, 158 

26 Park, G. S. Trans. Faraday Soc. 1950, 46, 684 
27 Rouse, Jr, P. E. J. Am. Chem. Soc. 1957, 69, 1068 
28 McCall, D. W. d. Polym. Sci. 1957, 26, 151 
29 Rogers, C. E., Stannet, V. and Szwarc, M. J. Polym. Sci. 1960, 

45,61 
30 Frensdorff, H. K. J. Polym. Sci. (A ) 1964, 2, 341 
31 Meares, P. J. Appl. Polym. Sci. 1965, 9, 917 
32 Cabasso, I., Jaguar-Grodzinski, J. and Vofsi, D. J. Appl. Polym. 

Sci. 1974, 18, 2117 
33 Cabasso, I. Ind. Eng. Chem., Prod. Res. Dev. 1983, 22, 313 
34 Yoshikawa, M., Ogata, N. and Shimidzu, T. J. Membrane Sci. 

1986, 26, 107 
35 Yoshikawa, M., Ochiai, S., Tanigaki, M. and Eguchi, W. 

J. Polym. Sci., Polym. Lett. Edn. 1988, 26, 263 
36 Dimroth, K., Reichardt, C., Siepmann, T. and Bohlmann, F. 

Justus Liebigs Ann. Chem. 1963, 661, 1 

APPENDIX : N O M E N C L A T U R E  

bEE coeffÉcient of the exponential model for ethanol 
diffusion, which depends on the ethanol concen- 
tration (mol-  1 m 3) 

bwE coefficient of the exponential model for water 
diffusion, which depends on the ethanol concen- 
tration (mol -z m 3) 

bww coefficient of the exponential model for water 
diffusion, which depends on the water concen- 
tration (mol-  1 m 3 ) 

B E coefficient of the exponential model for both water 
and ethanol ( =  BEE = BWE) (mo1-1 m 3) 

BEE coefficient of the exponential model for ethanol 
( = KEbEE ) (mol-  z m 3 ) 

BWE coefficient of the exponential model for water 
( = KEbwE ) (mol -z m 3) 

Bww coefficient of the exponential model for water 
( = Kwbww ) (mo1-1 m 3) 

CE concentration of ethanol in the membrane 
(mol m -  3 ) 

Cw concentration of water in the membrane 
(mol m -  3 ) 

CE, 0 concentration of ethanol in the membrane at the 
upstream face of the membrane (mol m -3) 

Cw,o concentration of water in the membrane at the 
upstream face of the membrane (mol m -3) 

CE,x concentration of ethanol in the membrane at 
distance x (mol m -3 )  

Cw,x concentration of water in the membrane at 
distance x (mol m -3) 

(TE, z concentration of ethanol in the membrane at the 
downstream face of the membrane (mol m -3) 

Cw, ~ concentration of water in the membrane at the 
downstream face of the membrane (mol m -3) 

CE,O concentration of ethanol in the feed solution 
(mol m -  3 ) 

Cw,o concentration of water in the feed solution 
(mol m -  3 ) 

DE diffusion coefficient of ethanol (m E h -1 ) 
Dw diffusion coefficient of water (m 2 h -z ) 
DO,E diffusion coefficient of ethanol in the membrane 

(m 2 h -1 ) 
Do,w diffusion coefficient of water in the membrane 

( m : h  -z ) 
J total permeant flux (g m -2 h -1) 
JE flUX of ethanol (mol m -2 h -1 ) 
Jw flux of water (mol m -2 h -1 ) 
KE solubility coefficient of ethanol (mol m -3 

membrane polymer/mol m -  3 ) 
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Kw solubility coefficient of water (mol m-  3-membrane 
polymer/mol m- 3 ) 

l thickness of the membrane (m) 
PO,E permeability coefficient of ethanol in the membrane 

( =  Do,EKE) (m 2 h -1) 

Po,w 

X 

permeability coefficient of water in the membrane 
(=  Do,wKw) (m 2 h - ' )  
distance from the upstream face of the membrane 
along the flow of the permeant (m) 
separation factor 
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