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Synopsis 

The pervaporation of binary liquids mixture of benzene and cyclohexane was examined by use 
of poly(y-methyl L-glutamate) (PMLG) membrane. The permeation rate-time c w e  for each of 
benzene and cyclohexane from their mixtures changed to the longer times side by increasing the 
cyclohexane in the mixtures. t1 /2  (the time required to reach a half-value of the steady state per- 
meation rate) for the each component increased exponentially with increasing of cyclohexane, which 
has a smaller plasticizing effect on PMLG membrane than benzene, in the mixtures. The apparent 
diffusion coefficients, obtained from the steady state permeation and the sorption experiments, for 
benzene-PMLG and cyclohexane-PMLG are dependent exponentially on the sorbed amounts of 
benzene. This result was explained on the bases that the diffusion of cyclohexane was enhanced 
synergetidy with benzene coexisting in the system. This effect influenced negatively the separation 
of the liquids mixture by pervaporation. 

INTRODUCTION 
Both benzene and cyclohexane are composed of the six-member rings of aro- 

matic and aliphatic compounds, respectively, and are nonpolar ones. Since the 
difference of the temperature of boiling points between them is only 0.6"C and 
the interaction parameter between them is small, the liquid-vapor equilibrium 
curve of the binary liquids mixture is nearly a close-boiling system, and shows 
an azeotropic point at 61 mol % of benzene. However, different affinities between 
these solvents to polymers have been observed. Thus the separation of their 
mixture by distillation may be difficult, and the separation by use of permse- 
lectivity of polymer membrane was examined by some 

Huang and Lin' showed an existence of maximum permeation rate of their 
mixture through poly ethylene membrane at a composition of 50% in feed. 
McCandless et aL2 examined the separation of them by poly(vinylidene fluoride) 
membrane, and obtained a value of separation factor as 20. They added the 
solvent, such as dimethyl sulfoxide or dimethyl form amide, in the feed mixture 
to make the permeation rate increase. But the value of separation factor de- 
creased to 6 by adding the solvent. Cabasso et al.3 examined the separation and 
diffusion mechanism of them through polymeric alloy membranes of various 
composition of polyphosphonates and acetyl cellulose by using the techniques 
of sorption, desorption, permeation, and self-diffusion of benzene labelled (214. 
They obtained the value of separation factor of about 13, and showed that the 
diffusion coefficients for benzene depended strongly on its concentration in the 
polymer and that the diffusion coefficients for mixtures depended on the dif- 
fusion time in the sorption experiments. 
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Fels and Hum& examined theoretically the diffusion rate of liquid in the 
pervaporation by use of free volume t h e ~ r y . ~  Then they expanded the theory 
to the permeation of binary liquids mixture, and examined experimentally with 
a system of benzene-n-hexane-polyethylene by use of techniques of permeation 
and desorption.6 

On the other hand, the authors suggested7y8 that the diffusion rate of one 
component may be affected synergetically by the other coexisting in the perva- 
poration system of binary athermal on the polymer membranes also observed 
by Krewinghaus.9 Uchikura et al. lo recently reported a similar phenomenon 
on the permeation of gases mixture of methane-isobutane through the sty- 
rene-butadiene-styrene block copolymer membrane. 

I t  is the purpose of this study to examine the diffusion mechanism at non- 
steady-state and steady-state permeation of binary liquids mixture of benzene 
and cyclohexane through poly(y-methyl L-glutamate) (PMLG) membrane, 
which is plasticized strongly and weakly by benzene and cyclohexane, respec- 
tively. 

EXPERIMENTAL 

Materials 

Benzene and cyclohexane were used, the commercial ones (Wako Junyaku 
Co., Ltd.; spectrum grade), without further purification to the experiments of 
sorption and pervaporation. 

PMLG obtained from Ajicoat A-2000 (Ajinomoto Co., Ltd.) by casting was 
purified by sohxlet extraction using 68°C methanol for 5 days. The methanol 
in the extractor was exchanged for fresh each day. After purifying and drying 
the PMLG in UQCUO at 40°C for 2 days, it was dissolved in a benzene-methanol 
(85%) mixture,ll and the solution was cast on a glass plate. A transparent and 
uniform-thickness membrane was formed by slow evaporation of solvents at 
20°C. The PMLG membrane was dried at  80°C for 5 days. The thickness of 
the membrane used for this study was 43 pm. The structure of this membrane 
was confirmed as an a-helical type one by the ATR method of IR spectros- 
copy.12 

Sorption Measurement 

The amounts of benzene and cyclohexane sorbed in PMLG membrane were 
measured, respectively, by gas chromatography of sorbate which was collected 
by vacuum distillation with a liquid nitrogen trap from swollen PMLG mem- 
brane. 

Pervaporation Apparatus 

The apparatus used for the pervaporation experiment was the same one de- 
scribed in previous paper~.~.s 
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Fig. 1. Relation between weight fkaction of cyclohexane in liquids mixture and sorbate in PMLG 
membrane. 

RESULTS AND DISCUSSION 

Sorption of Binary Liquids Mixture 
The relation between weight fraction of cyclohexane in binary liquids mixture 

and sorbate in PMLG membrane is shown in Figure 1. The curve lies under the 
azeotrope line in the whole range of composition of the mixture. This result 
shows that benzene is sorbed by PMLG membrane in the whole range. 

By using the total amounts of mixture sorbed in the membrane and the com- 
position of sorbate as shown in Figure 1, the respective amounts of benzene and 
cyclohexane in the membrane were obtained. In Figure 2, these amounts were 
plotted against the composition of cyclohexane in the mixtures. The differences 
of amount between benzene and cyclohexane in the membrane are large in the 
lower composition of cyclohexane. PMLG is dissolved into benzene, gellike, 
at about 80°C, while cyclohexane is scarcely sorbed into the membrane. These 
results shows a large difference between affinities of both the liquids for PMLG. 
A good separation for this mixture by the pervaporation through the PMLG 
membrane may be expected from this result. As shown in Figure 2, the curve 

0.8 r 1 
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Fig. 2. Plots of amount of sorbed benzene (C,d and cyclohexane (Csz) in PMLG against weight 
fraction of cyclohexane in liquids mixture: (0 )  benzene; (A)  cyclohexane. 
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for benzene shows a convex to the axis of abscissa. Little change in the cyclo- 
hexane curve was observed in the whole range, but a slight maximum value was 
observed in the curve at about 50 w t  7% in the mixture. 

The selective sorption factor (47112) is defined as 

where the Si’s and Xi’s are the weight fractions (g/g) of the liquid component 
(i) in the polymer and liquids mixture, respectively. When the subscript i = 
1 and 2 show benzene and cyclohexane, respectively, the relation between ( ~ 1 ~ 4 ,  
and the composition of cyclohexane in the liquids is shown in Figure 3. 

A phase equilibrium theory for ternary components of liquid (l)-liquid (2)- 
polymer (3) was proposed by Nakajima and Shibukawa13 as 

(2) 

where the xj’s are interaction parameters between component (i) and component 
0’) and the ui’s and ui’s are volume fractions of component (i) in the liquids 
mixture and polymer, respectively. The interaction parameter ( ~ 1 2 )  between 
binary components of liquid is described by use of the values of activity coeffi- 
cient ( a l )  and volume fraction (u1) of component (1) (benzene) as14 

(3) 
By use of the data of the gas-liquid equilibrium of the benzene-cyclohexane 
system,15 the relation between In a 1 and (1 - u 1)2 were plotted. x12 was decided 
as 0.38 from the slope of the plot. Since the degree of crystallization of PMLG 
is not obtained the values of xi3 and ~ 2 3  were not decided. But (x13 - x23) < 
0 was estimated relatively by the results of CS1 > Cs2 in Figure 2. The values 
of UI/UZ/U;/U; correspond to 1/41/2. If the values of (u2  - 0;) and (u2 - 01) are 
Comparable, the values of x12[(u; - u;) - (u2 - ul)]  are small. The second term 
on the right side of eq. (2) contributes to the system more strongly than the first 
term. It is understood that the values of (u; - 0;) and (u2 - u1) are comparable, 
as shown in Figure 2, and ui decreases with increasing of u1 and corresponds to 

U l h 2  

u 1/u 2 
In 7 = xl2(u; - u;) - (u2 - u1) + (x13 - x23) u j  

In 01 = x120 - u1)2 
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Fig. 3. Relation between selective sorption factor (u1/2) and weight fraction of cyclohexane in 
liquids mixture. 
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the composition of benzene in the mixtures, and then the values of a112 decreases 
with u1, increasing of benzene, in this sorption system. 

Nonsteady-State Permeation of Liquids Mixture 

The permeation cell equipped with PMLG membrane was constructed in a 
line of carrier gas flow of gas chromatograph.s After the feed of the liquids 
mixture was charged in the cell, the permeates were carried immediately to the 
gas chromatographic column (PEG 6000,60/80 mesh, 0.34 X 75 cm, 12OOC) by 
carrier gas flow and analyzed in a finite interval. The permeation ratetime 
curves are shown in Figures 4 and 5 for benzene and cyclohexane, respectively. 
Numbers in the figures are the weight fraction of cyclohexane in the feed mix- 
tures. As shown in Figure 4, the permeation rates of benzene at  steady state 
increased, and the permeation rate-time curves change to a longer time with 
increasing content of cyclohexane in the feed mixtures. On the contrary, the 
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Fig. 4. Relation between permeation rates of benzene (51) and time from various composition 
of mixtures. Numbers: weight fraction of cyclohexane in mixture. 
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Fig. 5. Relation between permeation rates of cyclohexane (52) and time from various composition 
of mixtures. Numbers: weight fraction of cyclohexane in mixture. 
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permeation rates of cyclohexane at  steady state show a maximum value at the 
weight fraction of 0.3 of cyclohexane in the feeds. The permeation rate-time 
curves of cyclohexane transfer also to the long-time side with increasing of one 
in the feed, i.e., with decreasing of benzene in the feeds. 

The plots of logarithmic time required to reach the half-values of permeation 
rates at steady state for benzene and cyclohexane against the composition of 
cyclohexane in the feeds are shown in Figure 6. As shown in this figure, the times 
( t l l 2 )  for both of the liquids increase with the composition of cyclohexane in the 
feed mixtures. It is well known that the value of t 112 corresponds to a reciprocal 
of the diffusion coefficient. If the diffusion coefficients (D) does not depend 
on the concentration of diffusant, the relation between t 112 and D suggested by 
ZiegeP is 

12 

7.199 X t 1 / 2  
D =  (4) 

These results show that the diffusion rates of both liquids increase with increasing 
of benzene in the system. These curves are linear relationships having almost 
similar slopes. As shown in previous papers,7V8 the diffusion rate of cyclohexane 
may be enhanced by existence of benzene in the diffusion system and vice 
versa. 

Steady-State Permeation of Liquids Mixture 

The permeation rates of benzene and cyclohexane at  steady-state were ob- 
tained from Figures 4 and 5, respectively. These values are plotted against the 
composition of cyclohexane in the feeds mixture, and the relations are shown 
in Figure 7. The permeation rates of pure benzene was about 370 times that of 
pure cyclohexane. This can be explained on the basis of the fact that benzene 
has a higher solubility and, consequently, has more plasticizing effect on PMLG 
than cyclohexane. 
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Fig. 6. Semilogarithmc plots of time ( t  112) required to reach a half-value of steady-state permeation 
rates of benzene and cyclohexane against weight fraction of cyclohexane in mixtures: (0) benzene; 
(A)  cyclohexane. 
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Fig. 7. Plots of permeation rates (J) of benzene and cyclohexane against weight fraction of cy- 

From the data of the amounts of sorption and the permeation rates in Figures 

clohexane in liquids mixtures (0) benzene; (A)  cyclohexane. 

2 and 7, respectively, the apparent diffusion coefficients (D) are obtained by 

where J is the permeation rate and 1 the thickness of membrane. The relation 
between In D and C, are shown in Figure 8 for benzene and cyclohexane. ZT for 
benzenePMLG depended on the sorbed amounts of benzene exponentially, as 
is well known. However, D for cyclohexane-PMLG showed a complicated de- 
pendence on the sorbed amounts of cyclohexane. The curve showed a concave 
one to the axis of ordinates. Thus the for the latter system shows an anoma- 
lous behavior. 
As shown in previous papers for the diffusion of methanol and ethanol from 

CSl (P/Cm3) 
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Fig. 8. Plots of logarithmic apparent diffusion coefficients (D) for benzene-PMLG and cyclo- 
hexane-PMLG against amounts of sorbed benzene (Csl) and cydohexaue (Csz): (0) benzene plotted 
to cI1; (A) cyclohexane plotted to c82; (A) cyclohexane plotted to Csl. 
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their athermal mixture through the PMLG rnembra11e,~.8 B in the pervaporation 
system of binary liquids mixture may be affected synergetically by the liquids 

D1 = 0': exp (TICSl+ Y2CS2) (6) 

D2 = 020 exp (YlCSl+ Y2CS2) (7) 
where the 0 : ' s  are the diffusion coefficients for zero concentration and then yi 's 
are the plasticizing Coefficients of liquid (i). 

In this case of the pervaporation of benzene and cyclohexane by PMLG 
membrane, benzene has a higher solubility in and larger plasticizing effect on 
PMLG than cyclohexane, as mentioned previously. Thus ylCsl >> yzCSz can 
be assumed in the eqs. (6) and (7) in a region of higher concentration of benzene 
(CS1) at least. By this assumption, eqs. (6) and (7) are simplified, respectively, 

as 

as 

where y; is the apparent plasticizing coefficient of benzene for PMLG membrane 
and it is not always equal to y1 in eqs. (6) and (7) on account of the interaction 
between liquids. According to eq. (9), the apparent diffusion coefficients for 
cyclohexane-PMLG are plotted against the amounts of benzene sorbed in PMLG 
(CS1). The results are shown by the symbol of A in Figure 6. The linear rela- 
tionship was obtained. 0: (benzene) and 0; (cyclohexane) can be estimated 
as 1.4 X and 1.1 X 10-8 cm2/s, respectively. They may be reflected by the 
magnitudes of the molecular volume of them (89.4 for benzene, 108.2 for cyclo- 
hexane). However, these values show no more than the relative values, since 
they are estimated by the assuming that y2CS2 = 0. 

This figure confirms the suggestion7~8 that the diffusion rates of one component 
may be affected by the other coexisting in the pervaporation system of binary 
liquids mixture, i.e., by the free volume change formed by the other in the 
system.6~9 

In Figure 9, relations between Csl (benzene), CSz (cyclohexane) and In I 5 2  are 

Fig. 9. Schematic illustration curve of concentration dependence of apparent diffusion coefficients - C,I; (&) for cyclohexane-PMLG from liquids mixture. (A) C,, - Cs2; (B) In a2 - C,z; (El In 
(F) In - Cs2 from pure vapor. 
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illustrated schematically by a space coordinates. Curve (A) and curve (B) are 
the relations between Csl and C,2 obtained from Figure 3 and between Cs2 and 
In &, respectively. Curve (E) is the relation between C, 1 and In I 5 2  according 
to eq. (lo), and this curve is projected from curve (B) to the coordinates of C,1 - In &. Curve (F) is meant to show a true concentration dependence of diffu- 
sion coefficients, which is obtained from the experiments of the permeation and 
sorption under the various vapor pressure. This curve is not examined in this 
work. 

Separation of Liquids Mixture 

The separation of benzene and cyclohexane mixtures by PMLG membrane 
is shown in Figure 10 over the whole range of compositions. The relation between 
the compositions of cyclohexane in feeds and permeates shows a convex curve 
to the axis of abscissa like the curve of selective sorption factor 6112 shown in 
Figure 3. The relation differs largely from the one of gas-liquid equilibrium 
shown in the same figure by the broken line. The separation factor ( ~ ~ 1 1 2 )  is 
obtained by 

where the Yi’s are the weight fractions of the permeates. 
As shown in Figure 10, a112 changes from about 12 to 5 with decrease of cy- 

clohexane in the feeds. The values are not larger than that expected from the 
permeation rate of each of the pure liquid described in previous section. These 
results may be explained that the diffusion rates of both liquids are controlled 

relght Fractlon of Cvclohexane In Feed 

Fig. 10. Separation of benzene-cyclohexane mixture by PMLC membrane: ( -  - -) gas-.liquid 
equilibrium curve. 
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by only a little difference of the zero concentration diffusion coefficients and the 
almost same piasticizing effects by synergetic effect of mixture. Thus the sep- 
aration is due to the differences of the amount of both liquids sorbed in PMLG 
membrane chiefly in this case. It may be necessary to note this effect in the 
separation of the liquids mixture by pervaporation. 

The authors wish to thank Mr. Kunio Mitobe for his technical cooperation, and Dr. Naornichi 
Takahashi for his discussion to their work. 

References 

1. R. M. Y. Huang and V. J. C. Lin, J. Appl. Polym. Sci., 12,2615 (1968). 
2. F. P. McCandless, D. P. Alzeheimer, and R B. Hartman, Ind. Eng. Chem., Process Des. Deu., 

3. I. Cabasso, J. J. Grodzinski, and D. Vofsi, J. Appl. Polym. Sci., 18,2117,2137 (1974). 
4. M. Fels and R. Y. M. Huang, J. Appl. Polym. Sci., 14,523 (1970). 
5. H. Fujita, Fortschr. Hochpolym.-Forsch., 3.1 (1961). 
6. M. Fels and R. Y. M. Huang, J. Macromol. Sci. Phys., B-6.89 (1971). 
7. F. Suzuki, K. Onozato, and N. Takahashi, J. Appl. Polym. Sci., 27,2175 (1982). 
8. F. Suzuki, K. Mitobe, K. Onozato, and N. Takahashi, Kobunshi Ronbunshu Jpn.,  39,415 

9. A. B. Krewinghaus, Ph.D..Thesis, Mass. Inst. Technol., Cambridge, Mass., 1966. 

13,310 (1974). 

(1982). 

10. M. Uchikura, H. Odani. and M. Kurata, preprint, 19th Symposium of Polymer and Water, 

11. F. Suzuki, K. Onozato, K. Ebe, and N. Takahashi,Polyrn. J., 12,759 (1980). 
12. Y. Masuda, Kobunshi Kagaku (Jpn.),  20,161 (1963). 
13. A. Nakajima and H. Shibukawa. Kogyo Kagaku Zasshi (Jpn.) ,  59,831 (1956). 
14. T. Kawai, Bull. Chem. SOC. Jpn.. 25,341 (1952). 
15. M. Hirata, S. Oe, and K. Nagahama, Denshi-Keisanki Ni Yoru Ki-Eki Heiko Deta (Vapor- 

16. K. D. Ziegel, H. K. Frendoff, and D. E. Blair, J. Polym. Sci., A-2.7.809 (1969). 

Tokyo, 1981, p. 16. 

Liquid Equilibrium Data by Computer Simulation), Kodansha Scientific, Tokyo. 1975, p. 94. 

Received March 8,1982 
Accepted May 17,1982 


