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ABSTRACT: The properties of an aqueous solution are interesting depending on its
application. Their characteristics are mainly a result of a hydrophobic interaction. The
permeation behavior, particularly for an aqueous solution with a hydrophilic solute, is
affected by the hydration of water to the solute. In case of an aqueous solution of organic
compounds, generally, the water molecule adjacent to the solute become less mobile
than in the pure water due to hydration. The hydration may affect the diffusivity of
solute molecules during permeation. In this study, we investigated the pervaporation
through a poly(dimethylsiloxane (PDMS) membrane and the hydration effect on the
solution-diffusion mechanism for various organic compounds. When the concentration
of the solution was over the concentration calculated by the number of water molecules
adjacent to a solute molecule, the hydration number, the water molecules hydrate to
several solute molecules, and the motion of the water molecules was prevented. During
pervaporation, the solute was concentrated in the PDMS membrane and the diffusion
of water molecules was prevented. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78:
1304–1311, 2000
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INTRODUCTION

The permeation behavior, particularly for an
aqueous solution with a hydrophilic solute, is af-
fected by the hydration of water to the solute.

The physicochemical properties of an aqueous
solution is interesting depending on its applica-
tion and has been extensively studied.1–14 Their
properties are mainly due to a hydrophobic inter-
action.

Water molecules are always moving. The mo-
tion of water molecules in an aqueous solution
containing a solute is affected by the water and
solute interaction, and differ from that in pure
water. This interaction (the water hydration of a

solute) is important for the kinetic properties of a
solution. The transitional motion of water mole-
cules in a diluted aqueous solution was consid-
ered in several reports.9,10

For pure water, the water molecules exchange
in the vicinity of each other almost immediately.
The mean time in an equilibrium position is de-
noted as t. The value of the activation energy of
the exchange is denoted as E. In the case of an
aqueous solution, the mean time that a water
molecule is in the closest equilibrium position to
the ion in the structure of the solution is denoted
as ti. The value of the activation energy of the
exchange of the closest molecules is denoted as E
1 dEi. The following relation is then obtained9,10:

ti/t 5 exp~dEi/RT! (1)

In the case that the solute is an organic com-
pound, the interaction between water molecules
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and a hydrophobic group or a hydrophilic group is
as follows:

dEi 5 dE1 1 dE2 (2)

The activation energy of the exchange of the
water molecules connected to hydrophilic group is
denoted as dE1. The activation energy of the ex-
change of the water molecules connected to hy-
drophilic group is denoted as dE1.

When dEi . 0 is the magnitude of the ratio ti/t
. 1, i.e., the time that the water molecules con-
nect in the vicinity of a solute molecule in the
solution is longer than the time adjacent to the
vicinity of a water molecule in pure water. The
motion of the water molecules are prevented by
the solute vicinity. When dEi , 0 and the ratio
ti/t , 0, the water molecule adjacent to the solute
becomes more mobile than in pure water. In the
case of an aqueous solution of organic compounds,
generally, the water molecules adjacent to the
solute becomes less mobile than in pure water.

Hydrogen-bond formation of water molecules
in aqueous solutions is thought to form clusters
with an “ice-like” structure that are stabilized by
the presence of a hydrophobic group. The hydro-
phobic effect of a methylene group was evaluated
on the basis of the quantitative assessment of the
hydrophobic effect from the standard free energy,
enthalpy, and entropy of solution.7 On the other
hand, the hydrogen-bonding ability of a polar sol-
ute was also studied.7 The hydration number of
water molecules is what can be packed around the
partition function for the hydrocarbon solution.
The hydration number of water molecules will
depend on the solute conformation and the as-
sumed water structure. The hydration number is
also related to the surface area of the solute that
passes through the centers of the water molecules
which can be affixed to the solute.11,12 The bulk
water is the water molecules that are not adjacent
to the solute and have no interaction.9

For permeate transport, the solution-diffusion
mechanism is important. The hydrophobicity is
closely concerned with the solubility of the or-
ganic compounds.15–21 Also, the molecular volume
is closely concerned with the diffusivity of the
organic compounds.15–21 The hydration may ef-
fect the diffusivity of the solute molecules during
permeation.

Polydimethylsiloxane (PDMS) is well known as
an excellent polymer membrane material due to
its high permeability to gases and liquids. The
permeate molecules permeate quickly in rubbery
membranes like PDMS, and the permselectivity
was not so affected by the diffusivity. Solubility
significantly affects the permselectibity during
pervaporation through a hydrophobic rubbery
membrane. Furthermore, the relationships be-
tween hydration and permeation of various or-
ganic compounds during pervaporation in a
PDMS membrane can be considered.

In this study, we investigated the pervapora-
tion through a PDMS membrane and the hydra-
tion effect on the solution-diffusion mechanism
for various organic compounds.

EXPERIMENTAL

Materials

Commercial PDMS membranes (Fuji Systems
Corporation), 50 mm thick, were used throughout
this work. Isopropanol, acrylonitrile, acetic acid,
and n-butyl amine (special grade, Wako Pure
Chemical Industries, Ltd.) were used as received.
The physicochemical properties of the solutes
used in this study are shown in Table I.

Pervaporation Experiment

The pervaporation experiments were performed
in a previous study22,23 using the continuous-feed
type method at 25°C. The feed solution was cir-

Table I Phisicochemical Properties of Solute Organic Compounds

Compound Formula
Molecular

Weight

Molecular
Volume

(cm3/mol)

Hydration
Number
of Water

Acrylonitrile CH2CHCN 53.06 65.83
Isopropanol CH3CHOHCH3 60.09 76.42 1710,12

Acetic acid CH3COOH 60.05 57.23 1210,12

n-Butyl
amine CH3(CH2)3NH2 73.13 98.55 2010,12
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culated through the cell and the feed tank. The
effective membrane area in the cell was 19.6 cm2.
The pressure at the permeation side was kept
below 10 Torr by vacuum pumps. Upon reaching
steady state flow conditions, the permeate was
collected in traps cooled by liquid nitrogen
(2196°C) at timed intervals, isolated from the
vacuum system, and weighed. The permeation
rate, flux( J), was obtained using eq. (3):

J 5 Q/At (3)

where Q is the amount permeated during the
experimental time interval t and A is the effective
surface area. The solute flux was calculated from
the total flux and the permeate composition.

The concentration of solute in the feed and
permeate solution was determined by gas chro-
matography using a free induction decay detector.
The enrichment factor bpv was calculated as

bpv 5 Y/X (4)

where X and Y denote the concentration of solute
in the feed and permeate solution, respectively.

RESULTS AND DISCUSSION

Pervaporation for Various Aqueous Solution

The pervaporation properties of various solute
aqueous solution were determined in this study.

The relationships between the solute concen-
tration in the feed and permeate are shown in
Figure 1. The permeate concentrations of isopro-

panol and acrylonitrile, which are not dissociable,
were increased with feed concentration. The rela-
tionship was linar. The permeate concentration of
acetic acid and n-butyl amine, which are disso-
ciable, were significantly increased with feed con-
centration.

The relationships between the feed solute con-
centration and the enrichment factor (bpv) are
shown in Figure 2. The enrichment factors of
isopropanol and acrylonitrile were constant with
feed concentration. The enrichment factors of ace-
tic acid and n-butyl amine were below 1 at a low
feed concentration; however, for a high feed con-
centration, they were significantly increased with
feed concentration.

Figure 1 Relationship between solute concentration in feed and permeation during
pervaporation: (h) isopropanol, ({) acrylonitrile, (E) acetic acid, and (‚) n-butyl amine.

Figure 2 Effect of feed concentration on the enrich-
ment factor (bpv) during pervaporation: (h) isopropa-
nol, ({) acrylonitrile, (E) acetic acid, and (‚) n-butyl
amine.
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Flux for Aqueous Solution with Nondissociate
Solute

The flux as a function of the feed isopropanol
concentration is shown in Figure 3 for the aque-
ous isopropanol solution. The isopropanol flux
was increased with increasing feed concentration.
The water flux increased until the maximum at a
feed isopropanol mole fraction of 0.01 and then
decreased with increasing feed concentration.

The liquid water has a distribution of hydro-
gen-bond clusters and space.13,14 The organic
compounds dissolve in the space of the liquid wa-
ter. The water molecules hydrate the solute mol-
ecules. The motion of the water molecules are
prevented in the vicinity of the solute.

The number of water molecules per one solute
in the feed or permeate solution as a function of
the feed isopropanol concentration is shown in
Figure 4. The water flux increased until a maxi-
mum at the feed isopropanol mole fraction of 0.01
because the water diffusion was promoted by hy-
dration. However, in the high feed concentration,
mole fraction . 0.01, the isopropanol solution was
concentrated in the PDMS membrane and the
permeate concentration was over 0.08 mole frac-
tion. The hydration number for various solutes is
shown in Table I. The hydration number of water
molecules on isopropanol is 17. The 0.059 mole
fraction describes that 17 water molecules per one
isopropanol molecule exist. In the 0.059 mole frac-
tion, almost all water molecules are involved in
hydration. When the concentration is over the
0.059 mole fraction, one water molecule is adja-
cent to several solute molecules and the motion of
the water molecules is prevented. Hence, it is

considered that when the feed mole fraction is
greater than 0.01, the isopropanol solution was
concentrated in the PDMS membrane and the
diffusion of water molecules was prevented.

The total flux increased until a maximum at
the feed isopropanol mole fraction of 0.01 and
then decreased with increasing feed concentra-
tion due to the effect of water flux.

The flux as a function of the feed acrylonitrile
concentration is shown in Figure 5 for the acrylo-
nitrile solution. The acrylonitrile flux was in-
creased with increasing feed concentration. The
water and total flux were constant with low feed
concentrations.

Flux for Aqueous Solution of Dissociate Solute

The flux as a function of the feed acetic acid con-
centration is shown in Figure 6 for the aqueous

Figure 3 Effect of feed concentration on flux for iso-
propanol–water mixtures during pervaporation: (h)
water flux, (E) total flux, and (‚) isopropanol flux.

Figure 4 Relationship between feed isopropanol con-
centration and water molecular number/isopropanol
molecular number in feed or permeate solution: (h) in
feed and (■) in permeate.

Figure 5 Effect of feed concentration on flux for ac-
rylonitrile-water mixtures during pervaporation: (h)
water flux, (E) total flux, and (‚) acrylonitrile flux.
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acetic acid solution. The water flux increased un-
til the maximum feed acetic acid mole fraction of
0.025 and then decreased with increasing feed
concentration.

The number of water molecules per one solute
in the feed or permeate solution as a function of
the feed acetic acid concentration is shown in
Figure 7. The water flux increased until the max-
imum at a feed acetic acid mole fraction of 0.025
because the hydration promoted water diffusion.
When the feed concentration was over 0.025 mole
fraction, the acetic acid solution was concentrated
in the PDMS membrane and the permeate con-
centration was over 0.06 mole fraction. The hy-
dration numbers for various solutes are shown in

Table I. One acetic acid molecule was hydrated to
12 water molecules. Almost all water molecules
were involved in hydration at the 0.077 mole frac-
tion. When the concentration was over 0.077 mole
fraction, one water molecule hydrates several sol-
ute molecules and the motion of the water mole-
cules are prevented. When the feed acetic acid
concentration was over 0.025 mole fraction, the
acetic acid solution was enriched in the PDMS
membrane and the diffusion of water molecules
was prevented by hydration of the solute mole-
cules.

The total flux increased until the maximum
feed acetic acid mole fraction of 0.025 and then
decreased with increasing feed concentration due
to the effect of water flux.

The acetic acid flux was significantly increased
with increasing feed concentration. During the
permeation of the aqueous acetic acid solution,
acetic acid, acetate ion, and water molecules pen-
etrate through the membrane. The degree of dis-
sociation as a function of the feed acetic acid con-
centration is shown in Figure 8. The proton or
acetate ion as a function of the feed acetic acid
concentration is shown in Figure 9. When the
acetic acid mole fraction was below 0.01, the con-
centration of permeate solution was below 0.01
mole fraction and the degree of dissociation is
high. Hence, the permeation of acetate ion con-
trolled the total acetic acid permeation.

For the permeate transport, a solution-diffu-
sion mechanism plays an important role. During
the permeation of a dilute organic solution
through the PDMS membrane, the permeate mol-
ecules quickly penetrate in a rubbery membrane

Figure 6 Effect of feed concentration on flux for ace-
tic acid–water mixtures during pervaporation: (h) wa-
ter flux, (E) total flux, and (‚) acetic acid flux.

Figure 7 Relationship between feed acetic acid con-
centration and water molecular number/acetic acid mo-
lecular number in feed or permeate solution: (E) in feed
and (F) in permeate.

Figure 8 Relationship between feed solute concen-
tration and the degree of dissociation (a) or 1-a in feed:
(E) a for acetic acid, (F) 1-a for acetic acid, (‚) a for
n-butylamine, and (Œ) 1-a for n-butyl amine.
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like PDMS. Hence, the solubility significantly af-
fects the permselectivity. Therefore, the perm-
selectivity of acetate ion was not very high. Fur-
thermore, the diffusivity of water, which was a
small molecule, was high. The enrichment factor
of acetic acid was below 1 at a 0 ; 0.01 feed mole
fraction. At a 0.01 ; 0.02 feed mole fraction, the
concentration of permeate solution was over 0.01
mole fraction and the degree of dissociation is low.
The acetic acid flux significantly increased with
increasing feed concentration because the perme-

ation of acetic acid was almost the same as the
total acetic acid permeation. Over a 0.025 feed
mole fraction, the diffusivity of acetic acid was
also prevented by hydration. The tentative illus-
tration of the permeation through the PDMS
membrane for solute–water mixture is shown in
Figure 10. In the feed solution, water molecules
were bulk water or hydrate water, but when the
solution was concentrated in the membrane, bulk
water is deceased and hydrate water was includ-
ed—hence, the diffusivity of molecules was pre-
vented.

The flux as a function of the feed n-butyl amine
concentration is shown in Figure 11 for the n-
butylamine acid solution. The water flux in-
creased until a maximum at the feed n-bu-
tylamine mole fraction of 0.0015 and then de-
creased with increasing feed concentration.

The number of water molecules per one solute
in the feed or permeate solution as a function of
the feed n-butyl amine concentration is shown in
Figure 12. The water flux increased until a max-
imum feed n-butyl amine mole fraction of 0.0015
because the hydration promoted water diffusion.
However, at the high feed concentration, mole
fraction . 0.0015, the n-butyl amine solution was
concentrated in the PDMS membrane and the
permeate concentration was over 0.05 mole frac-
tion. The hydration numbers for various solutes
are shown in Table I. The hydration number of

Figure 9 Relationship between feed acetic acid con-
centration and [H1] concentration or [CH3COOH] con-
centration: (E) [H1] and (F) {CH3COOH].

Figure 10 Tentative illustration of the permeation through the PDMS membrane for
solute–water mixture.
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water molecules on n-butyl amine is 20. Almost
all water molecules are involved in hydration at
the 0.048 mole fraction. When the concentrations
are over 0.048 mole fraction, the water molecules
hydrate to several solute molecules and the mo-
tion of the water molecules are prevented. Hence,
it is considered that over a 0.0015 feed mole frac-
tion, the n-butyl amine solution was concentrated
in the PDMS membrane and the diffusion of wa-
ter molecules was prevented.

The total flux increased until a maximum at
the feed n-butyl amine mole fraction of 0.0015
and then decreased with increasing feed concen-
tration due to the effect of water flux. The n-butyl

amine flux was significantly increased with in-
creasing feed concentration.

For the permeation of an aqueous n-butyl
amine solution, n-butyl amine, n-butyl ammo-
nium ion, and water molecules are penetrats. The
degree of dissociation as a function of the feed
n-butyl amine concentration is shown in Figure 8.
The hydroxy or n-butyl ammonium ion as a func-
tion of the feed n-butyl amine concentration is
shown in Figure 13. Below a n-butyl amine mole
fraction of 0.0015, the concentration of permeate
solution was below a 0.02 mole fraction. Hence,
the degree of disiccation is high and the perme-
ation of the n-butyl ammonium ion affected the
total n-butyl amine permeation.

The solubility of the n-butyl ammonium ion is
not very high and the diffusivity of water, which
is a small molecule, is high. Therefore, the perm-
selectivity of the n-butyl ammonium ion is not
very high. The enrichment factor of n-butyl amine
was low at a 0 , 0.0015 feed mole fraction. At a
0.0015 ; 0.008 feed mole fraction, the n-bu-
tylamine flux significantly increased with in-
creasing feed concentration. When the n-butyl
amine mole fraction was 0.0015 ; 0.008, the con-
centration of the permeate solution was over 0.02
mole fraction. Hence, the degree of dissociation is
low and the permeation of n-butyl amine was
almost the same as the total n-butyl amine per-
meation. Over a 0.008 feed mole fraction, the dif-
fusivity of n-butyl amine was also prevented by
hydration.

CONCLUSIONS

In this study, we investigated the pervaporation
through a PDMS membrane and the hydration

Figure 11 Effect of feed concentration on flux for
n-butylamine–water mixtures during pervaporation:
(h) water flux, (E) total flux, and (‚) n-butyl amine
flux.

Figure 12 Relationship between feed n-butyl amine
concentration and water molecular number/n-butyl
amine molecular number in feed or permeate solution:
(‚) in feed and (Œ) in permeate.

Figure 13 Relationship between feed n-butyl amine
concentration and [OH2] concentration or [C4H9NH2]
concentration: (‚) [OH2] and (Œ) {C4H9NH2].
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effect on the solution-diffusion mechanism for
various organic compounds.

The water molecule adjacent to the solute be-
comes less mobile in aqueous solutions of organic
compounds than in the pure water due to the
hydration. The liquid water has a distribution of
hydrogen-bond clusters and space. The organic
compounds dissolve in the space of the liquid wa-
ter. The water molecules hydrate the solute mol-
ecules. The motion of the water molecules are
prevented in the solute vicinity.

The water flux increased until a maximum at a
low feed solute concentration because the hydra-
tion promoted water diffusion. However, at the
high feed concentration, solute was concentrated
in the PDMS membrane and permeate. Almost all
water molecules are concerned with hydration
when the concentration of (water molecules)/(sol-
ute molecules) is the same as the hydration num-
ber. When the actual concentration was over this
concentration, the water molecules hydrate to
several solute molecules and the motion of the
water molecules is prevented. During pervapora-
tion, the solute was concentrated in the PDMS
membrane and the diffusion of water molecules
was prevented.

The permeation of the aqueous solution of dis-
sociated solute included more interesting phe-
nomena.

For permeate transport, a solution-diffusion
mechanism is important. The permselectivity of
ions is not very high. Furthermore, the diffusivity
of water, which is a small molecule, is high.

When the dissociate solute mole fraction was a
low, the concentration of permeate solution was a
low mole fraction and the degree of dissociation is
high. Hence, the permeation of organic ions af-
fected the total dissociate solute permeation. The
enrichment factor of dissociated compounds was
low in the solution with a high degree of dissoci-
ation. At the high feed concentration, the solution
was concentrated in the membrane and the de-
gree of dissociation is low. The solute flux signif-
icantly increased with increasing feed concentra-
tion because the permeation of solute itself be-
came the total solute permeation, until hydration
prevents diffusion. The diffusivity of solute and
water molecules are prevented by hydration when
the concentration of (water molecules)/(solute
molecules) is the same as the hydration number.

The authors are grateful to the Fuji Systems Corpora-
tion for providing the PDMS membranes.
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