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Abstract : Pervaporation of water-ethanol mixture through crosslinked poly(vinyl alcohol) (PVA)
membranes was performed. In order to enhance the permselectivity of water, one side of the crosslinked
PVA membrane was hydrophilically modified by reacting either monochloroacetic acid or propane
sultone. The membrane (sodium carboxylate form) modified by monochloroacetic acid exhibited that
the flux and permselectivity increase more than two and four times, respectively, compared to those

of the simply crosslinked PVA membrane. However, the membrane modified by propane sultone sho-

wed that the transport properties remain almost unchanged.

INTRODUCTION

Pervaporation is a membrane separation process
where a liquid mixture is directly brought into
contact a semipermeable membrane and the per-
meate is removed as a vapor by applying either
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vacuum or carrier gas. Since evaporation of liquid
penetrant takes place in pervaporation process, it
is a rather energy consuming process. However,
pervaporation is still beneficial compared to the
conventional separation processes such as distilla-
tion, extraction etc, in so far as a highly permselec-
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tive membrane is employed. Therefore, the high
permselectivity is essential in the pervaporation
process, which is accordingly applied to remove
minor component of a liquid mixture.

Transport in pervaporation membrane takes
place through the following three steps . i) disso-
lution of penetrant into the membrane, i1) diffusion
across the membrane due to the concentration
gradient developed, and iii) finally evaporation at
the down stream side. Transport behavior describ-
ed above is termed commonly as a solution-diffu-
sion model! The permselectivity depends upon
the first two steps while the last step does not in-
fluence the permselectivity as long as the partial
pressure in the permeate side is kept low.2™®
Thus, in order to achieve high permselectivity, the
solubility and diffusivity of corresponding penet-
rants should be controlled.

On the basis cited above, in preparation of
highly separable membrane for water-ethanol
mixture, poly(vinyl alcohol) (PVA) has been
chosen due to its high water solubility. Diffusion
rate may be controlled by suppressing the chain
mobility with crosslinking the PVA membrane.
Furthermore, one side of the crosslinked PVA
membrane surfaces was modified more hydro-
philically for enhancing preferential sorption at
the liquid-membrane interface.

EXPERIMENTAL

Materials

Poly(vinyl alcohol) used was Elvanol (E.I. Du Pont
De Nemours) with number and weight average
molecular weight of M, =52,800 and M,,= 113,000,
respectively, and 99.8% hydrolyzed and atactic?
Water was double-distilled, and the all chemicals
used were of EP grade and used without further
purification.

Preparation of Crosslinked Membrane

10 wt% aqueous PVA solution was mixed with
aqueous solutions of glutaraldehyde as a cross-
linking agent, sulfuric acid as a catalyst for the
crosslinking reaction, acetic acid as a buffer, and
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methanol as a quencher for the reaction® The
mixed solution was cast on a Petri dish at room
temperature and the crosslinked membranes
were prepared followed by being washed with
water. The amount of glutaraldehyde was varied
to control the crosslinking density. Thickness of
the dry membrane was about 135 zm= 5.

Surface Modification with Monochloroacetic

Acid (MCA)

A specially designed reaction cell (Fig. 1) was
used. for surface modification of one side of the
membrane surfaces A crosslinked PVA membrane
(Fig. 1-a, approximate membrane surface area=40
cm’) was sandwiched between a Teflon O-ring
(Fig. 1-d) and a Teflon sheet (Fig. 1-b) such that
only one side of the membrane surfaces was able
to contact with reaction medium. The sandwiched
membrane was again clamped by two stainless
steel rings (Fig. 1-c) making a reaction cell. A mix-
ture of ethanol and 20% aqueous NaOH solution
(8 * 2 by weight, respectively) as well as sodium
ethoxide (0.023 g-mole) in ethanol were added into
the reaction cell. The reaction was carried out at
80T for 2 hrs. After washing with water three
times, 2.18¢ of monochloroacetic acid (0.023
g-mole) dissolved in 5ml ethanol was added into
the reaction cell and reacted at 80C for varying
reaction time. The reacted surface was converted
either COOH— COONa form by treating HC] or
NaOH solution, respectively, as shown in reaction
Scheme 1. The sodium content for —COONa form
membrane was measured with an atomic absorp-
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Fig. 1. Schematic diagram of the one-side reaction
cell . a, membrane ; b, Teflon sheet ; c, stainless steel
ring » d, Teflon O-ring.
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Reaction Scheme. 1.

tion spectrometer (Perkin Elmer 3030 B).

Surface Modification with Propane Sultone’

K,CO, (0.77g, 0.0056mole) and propane sultone
(1.37g, 0.0112mole) dissolved in a mixture of di-
methyl sulfoxide and methyl ethyl ketone (2/8 by
volume) were introduced into the reaction cell
described previously. The reaction was carried
out at either 40C or 60C for 16 hrs. The sul-
fonic acids introduced on the membrane surface
were converted to sodium sulfonate by treating
with NaOH solution. The sodium content of-SO;
Na form membrane was measured with the
same method described previously

Degree of Crystallinity

The degree of crystallinity of crosslinked PVA
membrane was obtained by measuring densities
with a density gradient column (solvent : carbon-
tetrachloride and cyclohexane) at 25C. The degree
of crystallinity, x, was calculated by the following
equation (1)

l = X + 1_1 (1)
P P A
where p is the sample density, o. and g, are the
densities of complete crystalline PVA (p.=1.269
g/cm®) and amorphous PVA (a=1345g/cm’),
respectively.ﬁ'8
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Swelling Experiments

The degree of swelling, S,, was obtained by
weighing the dry sample and the swollen sample,
fully equilibrated with water for 7 days at 40C.

Sn=(W,—Wy)/W, (2)

where W, and W, denote the weights of the water-
swollen sample and the dry sample, respectively.

Pervaporation Experiments

Pervaporation of water-ethanol mixture was car-
ried out at 40C by using an ordinary pervaporation
technique.9 The effective membrane area for
pervaporation was 229 cm’. The down stream
pressure was kept between 4 to 5 Torr. The
permeate composition was analyzed by the gas
chromatograph. pervaporation performance was
characterized in terms of the steady state flux
and the separation factor or permselectivity. The
steady state flux, J, was obtained as

J1=Q/At 3)

where Q is the total amount permeated during the
experimental time interval t at steady state, and A
is the effective membrane surface area. The sepa-
ration factor, @, as a measure of the permselec-
tivity, is defined as>

Polymer(Korea) Vol. 14, No. 2, April 1990



Pervaporation Membranes, PVA, Water-Ethanol

(X0/X2)
Ty @

where X is the weight fraction, the superscripts p
and f stand for permeate and feed, respectively,
and the subscripts w and e for water and etha-
nol.

RESULTS AND DISCUSSION

Membrane Characterization
The volume fractions of PVA in the relaxed, v,,,
and the swollen membrane, v,,, are®

Vo=V, / Vo, =W, / 2) / Vo, (5)

VZ.S=Vp / Vg,s= (Wp /A)) / Vg,s (6)

where V, and W, are the volume and the weight
of dry polymer, and V,, and V., the volumes of
membranes at the relaxed and swollen states,
respectively. The relaxed state is defined as
the state immediately after the crosslinking but
before swelling.6

The number average molecular weight, M.,
between two crosslinks is®

1 _ 1

M. M,
(‘_7 / Vl) [ln(l'VZ,s) + V2,5+ szz.s]

(% )1/3_L (_V_Zé @
V2,r VZ,r 2 V2.r
and the crosslinking density, a, is?

A=1/7 M, (8

where v is the specific volume of 100% amorphous
PVA (¥=0.788 cm’/g) and V, the molar volume
of water (V;=18 cm*/mol), and M, the number
average molecular weight of PVA(M,=52,800). X
is the Flory-Huggins interaction parameter. The
theoretical crosslinking density 4, was calculated
by assuming that 100% of glutaraldehyde was rea-
cted with hydroxyl group of PVA

__1/v
AT MR, ©
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where R, is the crosslinking ratio (moles of
glutaraldehyde / moles of PVA repeating unit) and
M,, is the molecular weight of repeating unit
of PVA(M,,=44). Table 1 lists physical properties
of the crosslinked PVA membranes. Experimental
crosslinking density, 2, increases with increasing
amount of glutaraldehyde as expected. Further-
more, the £, values are comparable with the 2,
values. This implies that glutaraldehyde stoichio-
metrically reacts with hydroxyl groups of PVA.
The samples 1-4 of Table 1 denote the membranes
prepared by crosslinking and then drying, and the
samples 5-8 the membranes prepared by crosslin-
king and drying simultaneously. The crosslinking
density and the degree of swelling of two methods
are in agreement within the experimental error.
From these facts it may be concluded that the
crosslinking density of PVA membrane may be
readily controlled by simply adjusting the amount
of glutaraldehyde. As increasing R, both x and
S.. decrease. This is ascribed to the fact that the
mobility of PVA chain segments is suppressed
when the polymer chain molecules were cross-
linked.

Table 1. Properties of Crosslinked Poly(vinyl alcohol)

Membranes

Sample R, x(X10°) S, A,(X10") £, (X109
1 0.5 - 147 173 1.44
2 1.0 - 104 276 2.88
3 15 - 87 333 4.33
4 2.0 - 80 576 5.77
5 05 379 124 142 1.44
6 10 299 95 326 2.88
7 15 283 84 460 4.33
8 20 250 71 468 5.77

R, * crosslinking ratio (moles of glutaraldehyde/moles
of PVA repeating unit).

X . degree of crystallinity

S, - degree of swelling

A, © experimental crosslinking density(mol/cm®)

P, - theoretical crosslinking density(mol/cm®)
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Pervaporation Characteristics

Pervaporation properties of the crosslinked PVA
membranes with different amount of glutaral-
dehyde were measured. As shown in Table 2, the
permselectivity increases and the flux decreases
with increasing the crosslinking ratio. As increa-
sing the crosslinking ratio, chain mobility and
swellability of PVA membrane are suppressed.
Thus, both the equilibrium solubility and diffu-
sivity of water and ethanol decrease,’> which
results in low flux. In particular, diffusivity of

Table 2. Transport Properties of Crosslinked Poly
(viny! alcohol) Membranes

R J Jw a X3
0.0 0.222 0.104 8.0 047
05 0.047 0.028 135 0.60
1.0 0.023 0.017 270 0.75

R,, . crosslinking ratio (moles of glutaraldehyde/moles
of PVA repeating unit).

J < total flux(kg/m’h) with 1354m thick membrane

1, : water flux(kg/m’h) with 135zm thick membrane

a . permselectivity of water

XP . weight fraction of water in the permeate

ethanol is reduced markedly compared to that of
water since ethanol having larger size is hin-
dered more than water in the environment of the
suppressed chain mobility. Thus, the permselec-
tivity of water increases with increasing amount
of the crosslinking agent used.

The physicochemical interaction between penet-
rant and membrane plays an important role in deter-
mining the pervaporation characteristics >10~16
For example, the hydrogen-bonding interaction mar-
kedly increases the permselectivity of water.1>16
Yoshikawa et al.l® demonstrated that hydrogen
bonding interaction of carboxylic acids decreases
as following order : water>ethanol>acetonitrile.
On this basis, in this study, carboxylic acids and
sulfonic acids groups were introduced on the one
side of the membrane surfaces.

Transport properties of the crosslinked PVA
membranes modified with monochloroacetic acid
were listed in Table 3. Comparing the results of
the crosslinked membrane and the crosslinked and
surface-modified membrane, —COOH form the
permselectivity increases substantially while the
flux decreases. The permselectivity of carboxylic
acid form membranes decreases slightly with

Table 3. Transport Properties of Crosslinked and Surface-Modified Poly(vinyl alcohol) Membranes by

Monochloroacetic Acid . Feed 10 wt% Water

Sample t ] Ju a X$ Wia
Control 0 0.023 0.017 270 0.75
MCA20(H) 20 0.016 0.014 510 0.85
MCA20(Na)® 20 0.022 0.019 66.0 0.88 0.08
MCA60(H)* 60 0.015 0.012 384 0.81
MCA60(Na)° 60 0.024 0.021 55.3 0.86 0.12
MCA120(H) 120 0.016 0.012 319 0.78
MCA120(Na)® 120 0.053 0.049 120.0 0.93 0.14

i~ COOH form membrane ;: ®—COONa form membrane

t . reaction time(min)

] : total flux(kg/m?h) with 135m thick membrane

J., © water flux(kg/m?h) with 1354m thick membrane

a . permselectivity of water
XP  weight fraction of water in the permeate

Wy, - weight % of sodium in the —COON, form membrane
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Table 4. Transport Properties of Crosslinked and Surface-Modified Poly(vinyl alcohol) Membranes by

Pervaporation Membranes, PVA, Water-Ethanol

Propane Sultone : Feed 10 wt% Water

Sample T J T a XP Wia
Control 0.023 0017 27.0 0.75
PS40(H)* 40 0.061 0.025 6.3 041
PS40(Na)® 40 0.069 0.047 19.1 0.68 0.11
PS60(H)* 60 0.027 0.021 30.1 0.77
PS60(Na)® 60 0.036 0.027 25.6 0.74 0.20

3—80;H form membrane ; *—SO;Na form membrane

T : reaction temperature(C)

J . total flux(kg/m?h) with 1354n thick membrane
J,, © water flux(kg/m?h) with 1354m thick membrane
a : permselectivity of water

X? © weight fraction of water in the permeate

Wy, - weight % of sodium in the -SOsNa form membrane

increasing reaction time, while the flux remains
almost constant. In order to obtain more hydro-
philic surface, the carboxylic acids on the surface
are converted to the sodium carboxylate. The
sodium carboxylate membrane exhibits that both
the flux and the permselectivity increase
markedly compared to those of acid form
membrane. In particular, comparing the results
of the “Control” membrane and MCAI20(Na)
membrane, the flux and the permselectivity are
increased by more than 2 times and 4 times,
respectively. This is ascribed to the fact that
the carboxylic group at the liquid-membrane
interface preferentially interacts with water than
ethanol. This result is very surprising since the
flux and the permselectivity are in conflict in
common membrane transport. Thus, the surface
modification technique could be a useful method
in improving the pervaporation characteristics.

In the case of the membranes modified by pro-
pane sultone, the transport properties are rather
disappointed as shown in Table 4. For the sample
reacted at 40C, the flux increases at the expense
of the permselectivity. When the reaction temper-
ature is 60C, transport properties do not change
very much. However, the transport properties of
sodium sulfonate membrane are always better
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than those of sulfonic acid membrane, which is
consistent with the carboxylic acid case.

CONCLUSIONS

Crosslinked membranes were prepared by
adjusting the amount of the crosslinking agent,
glutaraldehyde. As expected, the flux decreases
and the permselectivity of water increases. Fur-
ther, one side of the crosslinked PVA membrane
surfaces was modified by either reacting with
monochloroacetic acid or propane sultone. When
carboxylic acids groups are introduced, the flux
maintains almost unchanged and the permselec-
tivity increases substantially. In addition, when
acids are converted to sodium carboxylate, both
the flux and the permselectivity increase simul-
taneously. Thus, we may conclude that the sur-
face modification technique is a useful means
to improve the transport properties in pervapor-
ation. However, when the surface was modified
by propane sultone, the results were rather
disappointed and the reasons are not clear at
this moment.
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