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Synopsis 

The pervaporation of the athermal liquid mixture of benzene-toluene by a PET membrane was 
examined. Sorbed amounts of benzene and toluene in the PET membrane were almost similar to 
each other, and each amount of them sorbed from the mixture showed linear relationships to their 
weight fraction in the mixture. The permeation rate of benzene from its single liquid was 2.5 times 
of that of toluene, and the permeation rates of benzene and toluene from mixtures of various com- 
position showed concave and convex curves to the feed axis, respectively. Semilogarithmic relations 
between the apparent diffusion coefficient for toluene-PET, obained from steady-state permeation 
rates and sorbed amounts, and its concentration in the membrane showed a negative slope. This 
result could be explained by the fact that the diffusion rate of one component in pervaporation of 
the binary liquid mixture was affected by the other coexisting in the system. 

INTRODUCTION 

Pervaporation, named by Kobers,l is a technique of separation of a liquid 
mixture by permeation through polymer membranes. In this technique, the 
differences of affinities of the components of the mixture for the polymer 
membrane and of the diffusion coefficients of the components are used princi- 
pally to separate them. The affinities relate to thermodynamical interaction 
parameters not only between each component and the polymer but also between 
the components2 in their mixture. On the other hand, the diffusion coefficient 
depends on the molecular size of the liquids, and in some cases they are influenced 
by the plasticizing effect of sorbed molecules to polymer chains. The pervapo- 
ration technique is complicated by these phenomena; but it can be rid of ther- 
modynamical restrictions shown by Gibbs’s phase equilibrium in distillation, 
and the consequences bear unlimited possibility for the separation of liquid 
mixtures by this technique. 

The separations of binary liquid mixtures by this technique have been ex- 
amined with many workers. Carter and Jagannadha~wamy~ reported the sep- 
arations of benzenelalcohol and ethyl acetatelcarbon tetrachloride by polyeth- 
ylene or waterlalcohol by cellophane and related the separation factor to swelling. 
Huang and Lin4 studied the separation of binary liquid mixtures of some kinds 
of hydrocarbon or aqueous alcohol solutions5 and attempted to establish some 
of the qualitative characteristics of permeation. They explained the mechanism 
of liquid transport of mixtures in terms of a combined internal plasticizing and 
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solubility effect. Michaels et a1.6 indicated that solvent conditioning of poly- 
ethylene increases membrane permeability to xylene isomers. Sweeny and Rose7 
studied the effect of molecular size and chemical nature of the permeant and the 
effect of chemical structure of polymer on the permeation rate of liquids. They 
clarified the relation of selective permeation to the polarities of liquid and 
polymer. Kim and Kammermeyer* investigated the direct measuring of the 
concentration profile at a steady-state permeation of liquid by use of a stacked 
membrane. They confirmed that the exponential model represented the directly 
measured concentration profiles to a satisfactory degree in some case such as 
the system of nylon 6-water, nylon 6-dioxane, cellulose acetate-water and 
polyethylene-n -hexane. Fels and Huangg attempted to establish the diffusion 
theory for the liquid transport by the concentration dependence of the diffusion 
rate and the free volume theory. They examinedlO the appropriateness of this 
theory for experimental results. 

However, these theories or mechanisms were examined almost for transport 
phenomena based on a single liquid as permeant. These analyses had no regard 
for effects on solubility and diffusivity by mixing of liquids. In this paper we 
study the pervaporation for an athermal mixture of benzene and toluene by a 
poly(ethy1ene terephthalate) (PET) membrane. Investigation has been carried 
out on the thermodynamic phase equilibrium between the liquid mixtures and 
the polymer, and on the synergetic effect of the liquid mixture to the concen- 
tration dependence of the diffusion rate. 

EXPERIMENTAL 

Samples 

Benzene and toluene used for this study were commerical ones (spectrum 
grade) without further purification. 

The PET membrane used in the pervaporation experiment was supplied by 
Mitsubishi Resins Co., Ltd., Japan. The membrane thickness was 3.5 pm. The 
IR spectrum on the membrane is shown in Figure 1, and the degree of crystallinity 
of one was decided as 2.0% from the spectrum by Ueda's meth0d.l' 
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Fig. 1. IR spectrum of poly(ethy1ene terephthalate) membrane used for pervaporation experi- 
ment. 
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Sorption Measurement 

Amounts of benzene and toluene sorbed in PET membrane were obtained, 
respectively, by gas chromatography of sorbate which was collected by vacuum 
distillation with a liquid nitrogen trap from the swollen PET membrane. 

Pervaporation Apparatus 

The apparatus for the pervaporation experiment is shown schematically in 
Figure 2. The permeation cell was installed in the gas chromatographic carrier 
gas stream line, and consisted of a glass bell (B) fitted with flanged base (A) which 
served as the membrane holder. A disk of the membrane supported on its lower 
surface by a smaller disk of 60-mesh stainless steel screen. The pervaporation 
cell was constructed with the above parts, and the liquid mixture was filled by 
syringe through a rubber cap of feed inlet portion. Helium gas was passed 
through the oulet side of the membrane to pick up the vapor permeated through 
the membrane. This helium gas passed through the sampler with sampling 
valves and a separation column of the gas chromatograph. The permeation rate 
of each component of permeate through the membrane was calculated with the 
value of the carrier gas rate and the gas chromatographic peak areal2 (count 
numbers of integrator) of permeate by use of a correction factor, previously ob- 
tained for each one. 

RESULTS AND DISCUSSION 

Sorption 

PET membrane of 250 pm thick, the degree of crystallinity of 56%, was used 
for the sorption experi.ments. 

The temperature dependence sorption data of benzene and toluene are shown 
in Table I. In this table, C, is the weight fraction of benzene and toluene sorbed 
in the PET membrane, CE and ua are the weight and volume fractions of benzene 
and toluene sorbed in amorphous regions of the membrane, respectively, and 
the Ct’s are the weights of them in unit volume of the region. 

Car1 

In1 

Fig. 2. Schematic diagram of apparatus for pervaporation experiment. (A) metal disk, (B) glass 
bell, (C) screen, (D) membrane, (E) liquid mixture of feed. 
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TABLE I 
Temperature Dependence of Amounts of Benzene and Toluene Sorbed into PET Membrane 

~ ~ ~ ~~~ ~~~ 

30 0.0034 0.0079 0.0058 0.0123 5.52 
35 0.0048 0.0113 0.0083 0.0176 5.50 
40 0.0053 0.0123 0.0091 0.0191 5.13 
45 0.0077 0.0179 0.0132 0.0278 4.82 

Toluene 
~~ ~~~~~~ 

30 0.0032 0.0075 0.0055 0.0117 5.57 
35 0.0043 0.0100 0.0074 0.0156 5.31 
40 0.0045 0.0104 0.0077 0.0163 5.27 
45 0.0054 0.01 53 0.0113 0.0238 4.91 

Remark: The superscripts a denote the sorbed amounts corrected by the degree of crystallinity. 

The interaction parameters (x") of them were calculated by the Flory-Rehner 
theory13 for swollen polymers. x a  values showed a depression of only about 5% 
when corrected for the density of the elastic effective chain of the PET which 
was 0.39 mol/cm3 from the Mooney-Riblin plot, by use of the data of stress-strain 
curve of PET. 

These values indicated that this polymer had very small affinity to these sol- 
vents in spite of aromatic rings in its main chain. At  lower temperatures the data 
are hardly different between these solvents. The heats of sorption obtained from 
the temperature dependence of sorption were 43.5 and 30.5 kJ/mol for benzene 
and toluene, respectively. Therefore, the sorbed amount of benzene was a little 
more than that of toluene at higher temperature. 

The sorbed amounts of benzene (C:B) and toluene (C:T) into the PET mem- 
brane from the mixtures of various compositions are plotted together in Figure 
3 against the weight fraction of toluene in the liquid mixture. Both plots showed 
linear relations for the change of the composition of the mixture. 

0.0 0.2 0.4 0.6 0.8 1.0 
Welght Fraction of Toluene in Mixture 

Fig. 3. Effect of composition of liquid mixture on sorbed amounts of benzene ( C t B )  and toluene 
(CET) at 3OOC. (0) benzene, (A)  toluene. 
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These results will be explained as follows. Flory13 showed the phase equi- 
librium theory for the ternary component system of single polymer and binary 
solvents applying the single-solvent approximation to the interaction parameter 
of the mixed solvents. This theory was developed by Nakajima and Shibukawa2 
to calculate selective sorption into the polymer as 

where uB and u are the volume fractions of benzene and toluene in the liquid 
mixture, vaB ,  u a T ,  and u a p  are those of benzene, toluene? and the polymer in the 
swollen polymer, respectively. x B P ,  x T P ,  and xBT are the interaction parameters 
of benzene-PET, toluene-PET, and the benzene-toluene system, respectively. 
In the athermal mixing system of benzene and toluene, x B T  can be assumed to 
be zero. Therefore, eq. (1) can be simplified to 

It is obvious from Table I that the interaction parameters of benzene and toluene 
for PET are almost equal and so the eq. ( 2 )  can be simplified still more to 

Equation (3) shows that the ratio of volume fractions of benzene and toluene in 
the liquid mixture to those in the swollen PET are almost equal in the whole 
composition range of the mixture; in other words, the selective sorption of ben- 
zene to toluene does not occur in the PET membrane. The experimental results 
of Figure 3 can be explained reasonably by this equation. 

It is supposed from this fact that benzene and toluene do not have any specific 
interaction between them in the PET membrane as in the case of the liquid 
mixture. 

Pervaporation and Permeation 

Plots of the weight fractions of toluene in feeds against those in permeates are 
shown in Figure 4, as compared with distillation curve of benzene-toluene. In 
this pervaporation system, the separation factor showed unity in the whole 
composition range of feed no matter whether the distillation curve showed a 
convex one to feed axis. A phenomenon of this sort is hard to find not only in 
pervaporation but in distillation of binary liquid mixtures except in some cases 
such as heptane-methylcyclohexane, benzene-dichloroethane, etc.14 

The permeation rates of the components are shown in Figure 5 as a function 
of the weight fraction of toluene in feeds. Both of the curves did not show linear 
relationships differing from the sorption ones, and showed convex and concave 
shapes to the feed axis. In their respective single solvent feeds, the rate of 
benzene showed about 2.5 times as much as that of toluene. 

In Figure 6 the permeation ratios of benzene and toluene in the mixture are 
plotted against the weight fraction of benzene and toluene, in liquid mixture, 
respectively. The permeation ratios of toluene showed higher values than unity 
in the whole composition range of feed, but for benzene i t  was lower. These 
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Fig. 4. Plots of weight fraction of toluene in permeate against in feed. ( A )  pervaporation curve 
at  30°C, (A) pervaporatien curve at  4OoC, (--) distillation curve at  3OOC. 

results showed apparently that the permeation of toluene was enhanced by the 
existence of benzene, but toluene was affected inversely to benzene. 

It is supposed from the above result that the difference of permeation rates 
of toluene and benzene may be due to the difference of diffusion coefficients, 
based on their molecular volumes or their plasticizing effects on the polymer. 

Apparent Diffusion Coefficient 

Assuming Henry's law, the apparent diffusion coefficients for benzene-PET 
( D B )  and toluene-PET (DT) were obtained from the values of sorption and 
steady-state permeation rates shown in Figures 3 and 5, respectively. Loga- 
rithmic values of the apparent diffusion coefficients were related to the sorbed 
amounts to benzene (CEB) and toluene ( C z T )  from their mixture of various 
composition, respectively, and are shown in Figure 7. 

1 

0.0 0.2 0.4 0.6 0.8 1.0 

Weight Froctlon of Toluene in Mlxture 

Fig. 5. Effect of composition of mixture on permeation rates of benzene ( J B )  and toluene (JT). 
(0) benzene at  3OoC, (0 )  benzene at  40°C, (A)  toluene at  3OoC, (A) toluene at  40°C. 
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Weight Fraction o f  Toluene in Mixture 
0.0 0.2 0.4 0.6 0.8 1.0 

3.0 

0.0 I I 
0.0 0.2 0.4 0.6 0.8 1.0 

Weight Fraction of Benzene in Mixture 
Fig. 6. Effect of composition of benzene and toluene mixture on permeation ratio. (0) benzene, 

For benzene, the exponential concentration dependence of the apparent dif- 
fusion coefficient was related positively to its concentration in the PET mem- 
brane, as known in other cases, but, for toluene, it showed a negative relation to 
its concentration in the PET membrane, contrary to the general cases. 

If diffusion coefficient is dependent exponentially on the concentration of 
penetrants in a polymer, the coefficient is expressed as 

D = D(0)  exp(y - C )  (4) 

where D(O), y, and C are the diffusion coefficients a t  zero penetrant concen- 
tration, the plasticizing coefficient, and the penetrant concentration, respectively. 
Since the segmental motion of polymer chain which contributes to the diffusion 

(A) toluene. 
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Fig. 7. Concentration (CEB or C t T )  dependence of apparent diffusion coefficients for benzenePET 
( D B )  and toluene-PET (DT) at 30' C. (0) D B  (plotted to CfB) ,  (A) DT (plotted to C t T ) ,  (A) DT 
(plotted to CEB). 
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of the penetrant is enhanced usually by the sorption of a penetrant such as or- ' 
ganic solvent, the plasticizing coefficient hardly shows negative value. 

The negative slope of the toluene curve will be explained as follows. In the 
pervaporation system of binary liquid mixtures, the polymer chain will be 
plasticized under the coexistence of both liquids, and the amount of one com- 
ponent sorbed in the membrane correlates with the amount of the other. The 
relation between the sorbed amounts of benzene (CE') and toluene (CET) are 
obtained from Figure 3 as 

and 

where Cf: is the amount of benzene sorbed from its single liquid, the k's are the 
proportional constants in the relation between the concentration of toluene in 
the liquid mixture and sorbed amounts (CE's) of benzene and toluene into the 
PET membrane, and the subscripts B and T express benzene and toluene, re- 
spectively. 

Assuming the synergetic effect by benzene on the concentration dependence 
of the diffusion coefficient which will be induced by mixing of toluene, and vice 
versa, the apparent diffusion coefficients for benzene-PET ( D B )  and tolu- 
ene-PET ( D  T ,  will be presented as 

D B  = DB(0)  exp(y: - CEB + yf  - CET) (for C:B > 0) 

= DB(0)  exp( [y: - ( k  T / k B )  - yT] - C t B  + ( k  T / k B )  yf - C!) (7) 
and 

D T  = D T ( 0 )  exp(yT. CET + yT - CEB) (for CET > 0) 

= DT(0)  exp{[yT - ( k B / k T )  y:] CET + y: - Cf:) (8) 

where y: and yf  are effective plasticizing coefficients caused by mixing of 
benzene and toluene, respectively, and they do not always coincide with the y 
of the single liquid (penetrant) in eq. (4). Since the proportional constants k B  
and k will be assumed to be similar as estimated from Figure 3, eqs. (7) and (8) 
can be simplified to 

(9) D B  = DB(0)  exp[(y: - yT) - CEB + 7:. Cf:] 

D T  = DT(0)  exp[(yT - 7:) - CET + y:. CE] 

and 

(10) 

Therefore, in the case of diffusion of toluene, if (yf- 7:) is negative, the 
relation between In DT and CET is expected to show a negative slope line ac- 
cording to eq. (8). Since both of the exponential terms in eqs. (7) and (8) are 
essentially similar to each other, if In D T  is plotted vs. CEB, the slope ought to 
be positive, and a line of similar slope to that of In D B  vs. C t B  is expected. The 
experimental results support this assumption as shown in Figure 7 by the dotted 
line (. . . A . . .). The intercepts of these plots ought to have the values of DB(0)  
exp(y; - Cf) and DT(0)  exp(y: - C!) for benzene and toluene, respectively. 
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The theoretical relative permeation rates of benzene (JB/JpB) and toluene 
(JT/JpT) were calculated by 

and 

In this calculation, it was assumed that y = = yT, which were cal- 
culated as y: = 290 and y T = 140 cm3/g by a trial and error method. In Figure 
8, the theoretical relative permeation rates were compared with the observed 
ones of benzene and toluene and plotted vs. CtB/Cg and CtT/Cg,  respectively. 
Close agreement between them were obtained as seen in the figure. 

To satisfy the results of Figure 4, the values of D B(0) and D T(0) must be similar 
to each other, and from the values of permeation rate in Figure 5, both values 
of DB(0)  and DT(0) are calculated as 1.4 X and 1.2 X cm2/s. These 
results satisfied the above conditions. 

From above discussions, it  is concluded that the inseparability phenomenon 
on the pervaporation of the benzene and toluene mixture through a PET mem- 
brane is caused by the similarity of the zero penetrant concentration diffusion 
coefficient for benzene-PET to that for toluene-PET and by the influence 
of the plasticizing effect of one component coexisting in the system on the dif- 
fusion of another. 

This influence is confirmed also in non-steady-state permeation on the other 
system.l5 

and y 

Fig. 8. Comparison of observed and calculated relative permeation rates. (0) benzene (obs.), 
(A) toluene (obs.), (.....) calculated by eqs. (11) and (12), (------- ) calculated by eqs. (13) and 
(14). 



2188 SUZUKI, ONOZATO, AND TAKAHASHI 

The authors wish to thank Mr. Masami Suina and Mrs. Emiko Suzuki for their, cooperation in 
this work. 

References 

1. P. A. Kobers, J .  Am. Chem. SOC., 39,944 (1917). 
2. A. Nakajima and H. Shibukawa, Kogyo Kagaka Zasshi, 59,813 (1959). 
3. J. W. Carter and B. Jagannadhaswamy, Br. Chem. Eng., 9,523 (1964). 
4. R. Y. M. Huang and V. J. C. Lin, J.  Appl. Polym. Sci., 12,2615 (1968). 
5. R. Y. M. Huang and N: R. Javis, J.  Appl. Polym. Sci., 14,2341 (1970). 
6. A. S. Michaels, R. F. Baddor, H. J. Bider, and C. Y. Choo, Ind. Eng. Chem. Process Des. Deu., 

7. R. F. Sweeny and A. Rose, Ind. Eng. Chem. Prod. Res. Dev., 4,248 (1965). 
8. S. N. Kim and K. Kammermeyer, Separation Sci., 5,679 (1970). 
9. M. Fels and R. Y. M. Huang, J.  Appl. Polym. Sci., 14,523 (1970). 

10. M. Fels and R. Y. M. Huang, J.  Appl. Polym. Sci., 14,537 (1970). 
11. N. Ueda and S. Nishiumi, Kobunshi Kagaku, 21,106 (1964). 
12. R. P. Hamlen J. W. Marr, and C. B. Murphy, Ind. Eng. Chem. Prod. Res. Dev., 4, 251 

13. P. J. Flory and J. Rehner, Jr., J .  Chem. Phys., 11,521 (1943). 
14. M. Hirata, S. Ohe, and K. Nagahama, Denshi-Keisanki ni yoru Ki-Eki Heiko Deta (Vapor- 

Liquid Equilibrium Data by Computer Simulation), Kodanshya-Scientific, Tokyo, 1975, p. 27,218, 
etc. 

Received August 13,1981 
Accepted December 10,1981 

1,14 (1962). 

(1965). 

15. F. Suzuki, K. Onozato, and N. Takahashi, Kobunshi Ronbunshyu Jpn., to appear. 


