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Synopsis

Separation of aqueous ethanol solution was carried out by pervaporation using a membrane
which consisted of common polymer membranes. A membrane obtained from poly(Zert-butyl
methacrylate-co-styrene) was effective for a selective separation of ethanol from aqueous ethanol
solution by pervaporation technique. The pervaporation of ethanol-water mixture through the
present membranes was analyzed as a solution-diffusion process, on the assumption that the both
diffusion coefficients of each component are an exponential function of ethanol concentration.

INTRODUCTION

The problem of the inevitable exhaustion of our fossil fuels is one of the
most serious challenges we will have to face. There exist two ways to meet this
problem: One is to use biomass energy,'”* which is a clean and regenerative
energy source; the other is solar energy,®~? which is also clean and inexhausti-
ble. Because ethanol, one of the biomass energy sources to be tapped, is not
only an energy resource but also a chemical raw material in its own right,'° its
production will soon be an important industry in itself.

There are a couple of ways, by using membranes, to separate the aqueous
ethanol solution from its raw material. One is the selective removal of water
through use of special membranes;!' the other is to use membrances that
preferentially allow ethanol to permeate through.'?-%

To accomplish this selective separation of ethanol by pervaporation, it is
necessary to develop novel polymers from common monomers to serve as the
material of the special membranes. One of the authors of this article has found
such a polymer—poly(methyl methacrylate-co-styrene)?*—that has the
potential to be used as an ethanol permeable membrane by using the mem-
brane polarity value?®?” as the index to design the molecular structure of
membrane materials for the separation of aqueous ethanol solution.

*To whom all correspondence should be addressed.
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On the basis of this idea, we prepared poly(tert-butyl methacrylate-co-
styrene) membranes, and investigated the selective separation of aqueous
ethanol solution through the present membranes. Preliminary experiments
show that these membranes might also possibly be applicable to selective
separation of ethanol from water—ethanol mixture.?® The present article deals
with pervaporation of water—ethanol mixtures through poly(tert-butyl
methacrylate-co-styrene) membranes.

EXPERIMENTAL

Materials

Tert-Butyl methacrylate (1), styrene (2), and 2,2’-azobis(2-methylpro-
pionitrile) (AIBN) were purified by the usual methods. Toluene was used
without further purification. Deionized water was used.

¢Hs
—C — CH, ¥t CH—CH, 35—
=0
0
C(CHy),

Code m n

T1 0.023 0.977
T2 0.045 0.95
T3 0.092 0.908
T4 0.142 0.858

Poly(tert-butyl methacrylate-co-styrene)s (T1-T4) were prepared as fol-
lows: Compounds 1 and 2 were placed in an ampule with AIBN and sealed in
a nitrogen atmosphere. The copolymerization was carried out at 45°C for 4
days with shaking. The results are summarized in Table 1.

Preparation of Membranes

All membranes were obtained by casting from toluene solution (65 g dm~3).
The solutions were poured onto glass plates with applicators (casting thick-
ness, 0.254 mm), and the solvent was allowed to evaporate at ~ 40°C for 3 h.
Thickness of the membrane was approximately 10 pm.

Pervaporation

The apparatus used to obtain pervaporation data is illustrated in Figure 1,
and the cross section of the liquid permeation cell (8 in Fig. 1) is given in
Figure 2. The whole apparatus was made of glass. The upstream compartment
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TABLE I
Results of Copolymerization®

Mol fraction of 1

Monomer AIBN  Time  Yield n Tep/C®

Polymer 1(g) 2(g) (mg) (days) (8) Monomer  Polymer (dm® g™ 1)

T1 0.858  30.62 246 4 27.00 0.020 0.023 0.165
T2 2138  29.68 243 4 26.45 0.050 0.049 0.191
T3 4269  28.12 247 4 27.74 0.100 0.092 0.162
T4 6.394  26.56 246 4 27.33 0.150 0.142 0.138

?Polymerization temperature, 45°C.
Reduced viscosity was measured at C = 1.0g dm~? toluene at 25°C.

had a capacity of ~ 175 cm® and the membrane area in contact with liquid
was 10.5 cm?. The liquid permeation cell was thermostatted at 15°C by a
water jacket. As shown in Figure 1, the liquid permeation cell (8) was
connected to an oil rotary pump (1) so that the downstream pressure was
maintained: 400 Pa (3.0 torr) or 3330 Pa (25.0 torr). The pressure was
measured with an oil manometer (3). After the membrane was mounted in the
liquid permeation cell, the feed liquid was supplied to the cell and allowed to
stand overnight. The stirring was about 200 rpm. The trap for condensing
permeate (4) or (5) was cooled using liquid nitrogen after the downstream side
had been evacuated. During the course of pervaporation experiments, the trap
for condensing permeate (4) or (5) was switched at appropriate time intervals.
The flux was obtained by weighing the trapped permeate. The separation
factor a 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 with a 3.1-m-long column packed with
polyethylene glycol 6000 on Shimalite TPA.

_ Yethanol/ Ywater
X ethanol/X water

M

where the Y, are the weight fractions of permeates and the X, those of feeds,
respectively.

Determination of Membrane Polarity Value

Membrane polarity value in terms of Dimroth’s solvent polarity value
[E4(25°C)] of membranes were measured as described previously, using 1-
octadecyl-3, 3-dimethyl-6’-nitrospiro(indoline-2, 2’-2H-benzopyran) as the indi-
cator.?6 A 500 W xenon lamp was used as the light source. The membrane was
illuminated with UV light using a Corning color filter no. 7-54. Absorption
spectra were measured with a Shimadzu MPS-2000 multipurpose recording
spectrophotometer.
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Fig. 2. Liquid permeation cell.

Measurement of Degree of Swelling

A piece of membrane after drying to constant weight (W) was immersed in
ethanol or water at 15°C. When the sorption equilibrium was reached, the
piece was weighed rapidly after blotting free surface liquid. The degree of
swelling for membranes was defined by

: W, - W,
degree of swelling = ——— % 100 (2)
W,
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where W, and W, denote the weight of dry and solvent swollen membrane,
respectively.

Estimation of Solubility Parameter

The solubility parameter (§,;,), which is made up of dispersion forces (3,),
dipole forces (8 ), and hydrogen bonding (8,), were calculated for each
membrane, as in references?® ¥, The space distance between ethanol and
membrane (DEM) and that between water and membrane (DWM) are defined
by egs. (3) and (4) with the following values: 8,5 = 7.73 cal’/? cm™%7?,
8,2 =43 cal”? em %2, and 8,5 =95 cal'/? cm~¥? for ethanol®; and
8dW = 9.54 cal'? em™%2, §, = 8.72 cal'’? cm~*?, and 8§, = 8.62 cal'/?
cm ™32 for water3!. The equatlons themselves are:

DEM = [(8,— 80.6) + (5~ 8, + (3= 80)] " (@

DWM = [(8d —8uw) + (8= 8, w) + (8 - ah,W)2] i (4)

RESULTS AND DISCUSSION

Characterization of Membranes

Membrane polarity values E,(25°C), together with wavelength of the
absorption maximum of the indicator, degrees of swelling for ethanol and
water, DEM and DWM are summarized in Table II.

Membrane polarity values for these membranes increased with the increase
in the tert-butyl methacrylate (1) content in the membrane as observed in
poly(methyl methacrylate-co-styrene) membranes.?*

From the data on degree of swelling, these four membranes showed a
tendency to swell with ethanol, while swelling only a little with water. The
degree of swelling with ethanol increased with the increase in 1 content, and
this tendency correlated with the decrease of DEM. As for DWM, such
correlation was not observed. This is due to the fact that the distance between
the solubility parameter of membrane and that of water is too far for water to
swell the membrane.

TABLE II »
Characterization of Membranes
)\Y:f . Ep(25°C) Degree of swelling (%) DEM® DWM?®
Membrane (nm) (kcalmol™!) Inethano Inwater (cal'’Zem™%?) (cal'/2em™%%)

T1 609 29.5 4 1 9.7 11.5
T2 607 30.2 5 1 9.4 11.3
T3 607 30.2 9 1 9.1 11.1
T4 605 31.0 12 2 8.9 10.9

*1 cal'? em~ %2 = 2,046 J'/2 cm %72,
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Fig. 3. Effect of downstream pressure on separation of aqueous ethanol solution through
membrane T4 at 15°C. (Weight fraction of ethanol in feed, 0.502.)

Dependence of Operating (Downstream) Pressure

Figure 3 shows the dependence of membrane performance on downstream
pressure. The flux and separation factor for T4 membrane are plotted at
various downstream pressures for a fixed feed concentration of 0.502 weight
fraction ethanol. These data indicate that there is a tendency for flux to
decrease as downstream pressure is increased, while separation factor in-
creases with the increment of operating pressure. Vapor pressures for ethanol
and water at the operating temperature of 15°C are ~ 4399 Pa (33.0 torr)®
and 1706 Pa (12.8 torr),3? respectively. For downstream pressure greater than
1706 Pa, both the decrease in flux and the increase of separation factor will be
observed prominently. In the present case, an increase in downstream pressure
increases the concentration of the more volatile component, in the present
case, ethanol in the permeate as reported in the pervaporation of
hexane-heptane mixture through polyethylene film by Greenlaw et al.3

The remainder of this paper, then, is devoted to the description of our work
with the downstream pressure of both 400 Pa (3.0 torr) and 3330 Pa (25.0
torr).

Dependence of Feed Composition

Figure 4 shows results of the pervaporation experiments for membranes
T1-T4, where the weight fraction of ethanol in permeate are plotted as a
function of ethanol fraction in feed. Figures 5 and 6 give the separation factor
(@) and the total fluxes plotted against the weight fraction of ethanol in feed.
From Figure 4, under the operating pressure of 3330 Pa, these four kinds of
membranes preferentially permeated ethanol in the wide feed fraction range
except in the high ethanol feed fraction region, where the weight fraction of
ethanol in feed was more than around 0.88. Under the operating pressure of
400 Pa, at the region where the weight fractions in feeds were low, ethanol was
preferentially permeated, as reported in the pervaporation of ethanol-water
mixtures through poly(acrylic acid-co-styrene) membrane,?! contrary to the
results obtained under the operating pressure of 3330 Pa.
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Fig. 4. Effect of feed composition on the separation of aqueous ethanol solution through
poly(Zert-butyl methacrylate-co-styrene) membranes. Operating temp, 15°C; downstream pres-
sure: (@) 400 Pa (3.0 torr); (0) 3330 Pa (25.0 torr).

0

As for dependence of separation factor on feed composition, separation
factor a tended to decrease with the increase in ethanol feed fraction except in
the low ethanol fraction region, where the weight fraction of ethanol in feed
was less than around 0.3. The separation factor toward ethanol ranged from
0.5 to 2.1 under the operating pressure of 400 Pa and from unity to 5.3 under
that of 3330 Pa, even though the present membranes were merely prepared
from common polymers such as methacrylic ester—styrene copolymers.

The total flux values for each membrane increased exponentially with the
increase in ethanol feed fraction as was expected from the fact that the
present membranes preferentially permeated ethanol.

As mentioned above, common polymer membranes from copolymers of
methacrylic ester and styrene preferentially permeated ethanol from aqueous
ethanol solution like acrylic acid—styrene®! or methyl methacrylate—styrene?
copolymer membrane. Further studies such as combination of methacrylic
esters and styrene, control of membrane morphology by membrane prepara-
tion process, operating conditions, and so forth, may open the door to
utilization of such common polymers as membrane materials for separation of
ethanol from aqueous ethanol solution.

Permeation Mechanism

To study the permeation mechanism of ethanol and water through present
membranes, we separated the observed fluxes under the downstream pressure
of 400 Pa into their respective ethanol and water fluxes, so that they can be
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Fig. 5. Effect of feed composition on separation factor (a) and total flux in ethanol-water
pervaporation through membrane Ts. Operating temp, 15°C; downstream pressure, 400 Pa (25.0
torr); (@) separation factor; (O) total flux; (——) calculated, according to egs. (10), (16), and (18),
and taking the values for coefficients summarized in Table III.

_plotted against its feed concentration as previously reported.!l-21:2434-38 The
reason why we studied the permeation mechanism under the operating pres-
sure of 400 Pa is as follows: Under the downstream pressure of 400 Pa, it is
possible to assume, as most do, that the permeant concentration at the
downstream side of the membrane is zero. In this situation, we could derive
the permeation equation by thinking about only the permeation of substance
in the membrane. As an example of the relationship between each
component-flux and feed concentration, those for membrane T4 under the
operating pressure of 400 Pa is shown in Figure 7. The curve of ethanol
showed an exponential profile. On the other hand, water flux dependence on
its feed concentration was more complicated having maximum flux value.
Other relationships between component-flux and feed concentration of mem-
branes T1, T2, and T3 under the operating pressure of 400 Pa gave similar
profiles as shown in Figure 7.

For permeation of ethanol through present membranes, the diffusion coef-
ficient D usually depends on the local concentration of ethanol.?*-46 In some
cases the concentration dependence of the diffusion coefficient has been
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Fig. 6. Effect of feed composition on separation factor (a) and total flux in ethanol-water
pervaporation through membranes Ts. Operating temp, 15°C; downstream pressure, 3330 Pa (25.0
torr; (@) separation factor; (O) total flux.
reported to be linear,

D = D,1 + aC) (5)
and in the others it was observed to have an exponential form,

D = D,exp(bC) (6)

In these two equations, D, is the D value in the limit of zero permeant
concentration; a and b are coefficients characteristic of the membrane /per-
meant interaction; C denotes the permeant concentration in the membrane.
Equation (6) will be used here, since it is more suitable in cases where the
diffusion coefficient more strongly depends on concentration. For ethanol
permeation through these membranes, eq. (6) becomes

Dg = 0,E exp( bEE'EE) (7)

From eq. (7) and the Fick’s first law of diffusion, ethanol flux through the
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Fig. 7. Effect of ethanol and water concentrations on their fluxes in ethanol-water pervapora-
tion through membrane T4 at 15°C under the operating pressure of 400 Pa (3.0 torr): (—)
calculated, according to egs. (10) and (16), and taking the values for coefficients summarized in
Table III.

membrane is given by
Jg = —D, gexp(bggCx) dC/dx (8)
At the steady state, the solution of eq. (8) when the boundary conditions is
Cg = EE,O (= KECE’O) atx=0
EE = EE,x at x =x
is given by

EE x 1 BEEJE
== = In|exp( BgC -
Ceo BgeCro (Bee E’O) Bk

x 9)

Here, K is the solubility coefficient of ethanol. By making use of eq. (9), we
are able to obtain the concentration distribution at the steady state in the
membrane as shown later in Figure 8. The assumption of ethanol concentra-
tion (Cy) at the downstream side of the membrane (x = [) being zero, which
is generally regarded, leads to the derivation eq. (10) from eq. (9):

Boe

Jg = Bpgl [eXP(BEECE,o) - 1] (10)

Here F, (= Dg ¢Kg) is the permeability coefficient at zero concentration of
ethanol.

Next, we describe the water permeation through membranes T1-T4. As
shown in Figure 7, water flux dependence gave a complicated profile having a
maximum flux value. The fact that these membranes were swollen by ethanol,
the diffusion coeflicient for water is expected to depend on the local concentra-



310 YOSHIKAWA ET AL.

O 1 1 ] i O 1 i 1 1
0 02 04 06 08 10 0 02 04 06 08 10
x /L x /X
Fig. 8. Calculated concentration profiles for membrane T4 at 15°C under the operating
pressure of 400 Pa (3.0 torr): (—) calculated, according to eqgs. (9) and (14), and taking the
values for coefficients summarized in Table III.

a b c d e f
10%Cg o (mol r ~3) 2512 5.010 7.510 10.01 12,51 15.00
1073Cy o (mol m~?) 48.02 40.79 33.27 25.30 17.01 8.421

tion of ethanol. The general expression may be given, in which the exponential
depends separately on the local concentrations of ethanol and water:

Dy =Dy exp( bunCu + buxCy) (11)

However, in the present case, the diffusion coefficient of water can safely be
regarded to depend on the local concentration of ethanol only as in

Dy = O,Hexp(bHEéE) (12)

Combination of eq. (12) and Fick’s first law of diffusion gives water flux
through the membrane:

Jy = _DO,H(bHEC_E) dEH/dx (13)

At the steady state, the integration of eq. (12) when the boundary conditions
are

EE = EE,O (= KECE,O)’
Cy= EH,O (=KHCH,0) atx =0

CE=CE,J:’ é_H:éH,x atx =x
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is given by:
(i) In the case Bygy # Byg,

EH,x _ _ JHR),E

6}{,0 JeBu

[exp( BggCe, 0)](1 PP [exP( BgpCi,0) — (Beede/Pog)x ](1 Bne/Bee)
(Bgg — Bug)Cu,o

(14)

EH,x 1 JHPO,E

EH,O JEPO,H

BCE 0 ln[exp BCg, 0) - (BJE/PO H) ] (15)
BCy

We can also obtain the concentration distribution in the membrane by making
use of either egs. (14) or (15) as shown in Figure 8. The assumption of both
ethanol and water concentration (Cg and Cy) at the downstream side cf the
membrane (x = [) being zero leads eqs. (16) and (17), respectively, from egs.
(14) and (15):

(i) In the case By # By,

o, H
Jy = @(BEE - BHE)

[eXP(BEECE,o) - 1] Ch,o

(16)
[exp(BEE - BHE)CE,O] -1
(ii) In the case Bgy = Byg = B,
Po,0Cn,0
JH = —m[exp(BCE’O) - 1] (17)

In the present paper, water permeation was represented by eq. (16). The
four parameters in the flux equations, determined to fit Figure 7 best, are
summarized in Table III. Permeability coefficients in the limit of zero per-
meant concentration P, for both ethanol and water, except those of the T3
membrane, F, p and F, 4, tended to increase with the increase in 1 content in
the membrane. Coefficients of the exponent model Bgp and By, increased
with the increase in 1 fraction in the membrane. This increase of By, and
By values with the increase in 1 content is parallel to membrane swelling
property with ethanol and DEM values summarized in Table II.
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TABLE III
Parameters for Membranes®
Memnh 10 10P, g 10'P, 4 10*Bgg 10*By g
embrane (m) (m2 h'l) (m2 h_‘) (m3 mol_l) (m3 mol_l)
T1 8 1.6 1.1 1.9 29
T2 11 1.9 1.2 2.1 3.3
T3 10 4.5 2.3 2.2 3.5
T4 9 2.1 1.2 2.4 3.7

2QOperating pressure, 400 Pa (3.0 torr); operating temperature, 15°C.

The lines for fluxes in Figures 5 and 7 are calculated ones according to egs.
(10) and (16), and taking the coefficient values summarized in Table III.
Theoretical flux values under the operating pressure of 400 Pa in Figure 7
agreed well with the observed values.

As mentioned above, we can obtain the concentration distribution at the
steady state in the membrane according to egs. (9) and (14), and taking the
obtained coefficients values in these two equations. As an example, ethanol
and water distribution in membrane T4 under the operating pressure of 400
Pa is shown in Figure 8.

Separation Factor

Equations for separation factor may be obtained from egs. (10), (16), and
17):
(i) In the case Bgy # Byg,

e/
Ck,0/Cx,0
PO,E exp[(BEE - BHE)CE,O] -1

= 18
Pow (Buos— Brz)Ceo (18)

(ii) In the case Bgy = Byz = B,

(19)

Calculated separation factors are shown in Figure 5, according to eq. (18). In
Figure 5, theoretical separation factor under the operating pressure of 400 Pa
gave good agreement with experimental results except that at the ethanol feed
fraction of around 0.1. Disagreement of the calculated separation factor and
the observed one at the ethanol fraction of around 0.1 in Figure 5 might be
due to the small aliquot to be analyzed.

In Figure 9, the schematic profile of separation factor is plotted against
(Bgg — Bug)Cpo- In the present case, By values were larger than Bgg
ones under the operating pressure of 400 Pa. That is, the dependence of the
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Fig. 9. Schematic dependence of separation factor on feed composition.

separation factor on the ethanol feed fraction was situated in the second
quadrant. As shown in Figure 9, the separation factor increased with decrease
of the ethanol feed fraction. The experimental results coincided with calcula-
tion as shown in Figure 5.

In the present paper, permeation mechanism was analyzed in terms of
concentration-dependent diffusion coefficient. However, both diffusivity and
solubility would depend on internal concentration of ethanol. As a further
extension of this kind of study, it is necessary to represent ethanol and water
fluxes by making use of equations, of which diffusion coefficients and solubil-
ity coefficients depends on internal ethanol concentration.

Thinking over the separation factor of ethanol from aqueous ethanol solu-
tion, there are a couple of ways to use membranes as mentioned in the
introduction: One is to concentrate ethanol from dilute ethanol solution such
as a 5-10% aqueous ethanol solution. The other one is to break the azeotropic
point to obtain absolute ethanol. The present membranes have possibility to
be applied to the former way.

CONCLUSION

Membranes obtained from copolymer, poly(tert-butyl methacrylate-
co-styrene), which consisted of common vinyl monomers, showed selective
separation of ethanol from aqueous ethanol solution. These membranes,
especially gave relatively good membrane performance at the low ethanol feed
concentration region. These results suggest that such common polymer mem-
branes have potential capability to permeate ethanol preferentially from the
ethanol-water mixture by the pervaporation technique. The pervaporation of
the ethanol-water mixture through the present membranes was analyzed.
The diffusion coefficients for both ethanol and water were exponential func-
tions of ethanol concentration.
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APPENDIX: NOMENCLATURE

bgg coefficient of the exponential model for ethanol which depends on the nature of ethanol

(m® mol 1)

bygp coefficient of the exponential model for water which depends on the nature of ethanol
(m® mol 1)

B coefficient of the exponential model for both ethanol and water (= Bggp = Byp)
(m® mol~1)

By coefficient of the exponential model for ethanol (= Kgbgg) (m® mol™1)

Byg coefficient of the exponential model for water (= Kybyz) (m® mol 1)

Cg internal concentration of ethanol (molm~3)

Cy  internal concentration of water (molm™?)

Cg,o internal concentration of ethanol at the upstream face of the membrane (molm™?)
5,.,'0 internal concentration of water at the upstream face of the membrane (molm ~?)
EE,I internal concentration of ethanol at the abscissa x (molm %)

C_H, . internal concentration of water at the abscissa x (molm™?)

EE, ; internal concentration of ethanol at the downstream face of the membrane (molm ~3)
Cy,, internal concentration of water at the downstream face of the membrane (molm™3)
Cg,, concentration of ethanol in the feed solution (molm™%)

Cy,o concentration of water in the feed solution (molm™?)

Dy diffusion coefficient of ethanol (m? h™1)

Dy diffusion coefficient of water (m®* h™!)

D, g diffusion coefficient at zero concentration of ethanol (m? h™1)

D,y diffusion coefficient at zero concentration of water (m* h™1)

J total flux (gm~2h"!)

Jg flux of ethanol (molm~2h~1)

Ju flux of water (molm~2h~1)

Kg  solubility coefficient of ethanol (molm~?% polymer membrane/mol m™~?3)

Ky;  solubility coefficient of water (molm ™2 polymer membrane,/mol m~3)

) thickness of the membrane (m)

Fy g  permeability coefficient at zero concentration of ethanol (= D, g Kg) (m® h™!)
Fou permeability coefficient at zero concentration of water (= D, 3y Ky) m*h™')

x abscis~n across the membrane (m)
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