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ABSTRACT: For the separation of volatile organic compounds (VOCs) from water by
pervaporation, three polysiloxaneimide (PSI) membranes were prepared by polycon-
densation of three aromatic dianhydrides of 4,49-(hexafluoroisopropylidene)diphthalic
anhydride (6FDA), 3,39,4,49-benzophenonetetracarboxylic dianhydride (BTDA), and py-
romellitic dianhydride (PMDA) with a siloxane-containing diamine. The PSI mem-
branes were characterized using 1H-NMR, ATR/IR, DSC, XRD, and a Rame-Hart
goniometer for contact angles. The degrees of sorption and sorption selectivity of the
PSI membranes for pure organic compounds and organic aqueous solutions were
investigated. The pervaporation properties of the PSI membrane were investigated in
connection with the nature of organic aqueous solutions. The effects of feed concentra-
tion, feed temperature, permeate pressure, and membrane thickness on pervaporation
performance were also investigated. The PSI membranes prepared have high pervapo-
ration selectivity and permeation flux towards hydrophobic organic compounds. The
PSI membranes with 150-mm thickness exhibit a high pervaporation selectivity of
6000–9000 and a high permeation flux of 0.031–0.047 kg/m2 h for 0.05 wt % of the
toluene/water mixture. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 2691–2702, 2000

Key words: pervaporation; polysiloxaneimide membrane; VOCs; sorption selectivity;
pervaporation selectivity; permeation flux

INTRODUCTION

Recently, the presence of volatile organic com-
pounds (VOCs) in ground and drinking water has
become a serious environmental and economic
problem. Pervaporation seems to be a more effec-
tive process to solve this problem, compared with
the traditional techniques such as steam/air
stripping, distillation, liquid extraction, adsorp-
tion, and biological treatment,1–4 because of the
attractiveness such as low energy consumption
and a simple separation process.

Organic compounds causing environmental
problems can be classified into aromatic or ali-
phatic hydrocarbons, chlorinated hydrocarbons,
alcohols, ketones, acetates, and acids.5 These or-
ganic compounds have larger molar volume and
more hydrophobic characteristics compared with
water. Therefore, the hydrophobic rubbery poly-
mers such as crosslinked polydimethylsiloxane
(PDMS), nitrile–butadiene rubber (NBR), polyvi-
nyltrimethylsilane (PVTMS), polytrimethylsilyl
propyne (PTMSP), and ethylene–propylene rub-
ber (EPR) are recommended.6–11 Particularly,
PDMS membranes show both a high sorption se-
lectivity and a high permeability towards organic
compounds over water. However, they usually
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have poor mechanical strength, and the studies to
improve their mechanical properties have been
carried out by introducing a siloxane-imide block
or graft copolymer structure.12–16 These studies
showed that pervaporation selectivity and perme-
ation flux towards organic compounds decreased
with decreasing the fraction of the siloxane group.
The observation indicates that polysiloxaneimide
homopolymer membranes are expected to show
good pervaporation performances, but the perva-
poration studies with polysiloxaneimides have
not been reported yet.

In this article, three polysiloxaneimide mem-
branes were prepared, and the effects of the na-
ture of organic compounds, membrane thickness,
and operation conditions on their pervaporation
properties were investigated with their physical
and sorption properties.

EXPERIMENTAL

Reagents

Tetrahydrofuran (THF) and anhydrous 1-methyl-
2-pyrrolidinone (NMP) used as polymerization
solvents were purchased from the Aldrich Chem-
ical Co. Polydimethylsiloxane (SIDA, average mo-
lecular weight; 800) was obtained from the Shi-
netsu Co. 3,39,4,49-Benzophenonetetra carboxylic
dianhydride (BTDA) and pyromellitic dianhy-
dride (PMDA) were purchased from the Aldrich
Chemical Co., and 4,49-(hexafluoroisopropyli-
dene)diphthalic anhydride (6FDA) was received

from the Hochest Co. Before use, BTDA and
PMDA were recrystallized by acetic anhydride
(Ac2O), and 6FDA was dried at 150°C for 24 h in
a vacuum oven.

For sorption and pervaporation tests, 10 vola-
tile organic compounds of ethyl alcohol (EtOH),
isopropyl alcohol (IPA), acetic acid (AA), acetone
(ACE), methyl ethyl ketone (MEK), ethyl acetate
(EA), methylene dichloride (MC), trichloroethyl-
ene (TCE), toluene (TOL), and hexane (HX) were
purchased from the Junsei Chemical Co. as ana-
lytical grade. Distilled water was used. Their
physical properties are listed in Table I. Going
from top to bottom, the solubility of organic com-
pounds in water decreases, i.e., the VOCs become
more hydrophobic.

Preparation of Polysiloxaneimide Membranes

Three series of polysiloxaneimide (PSI) mem-
branes were prepared according to Scheme 1.
One-pot imidization and two-pot thermal imidiza-
tion were used in the preparation of PSI mem-
branes.

In the case of two-pot system, SIDA was dis-
solved in 30 mL of THF at room temperature for
2 h. After the addition of equimolar amount of
three aromatic dianhydrides of 6FDA, BTDA, and
PMDA, respectively, the solution was stirred for
20 h to obtain a highly viscous polyamic acid
(PAA) as precursor. The reactant content in solu-
tion was maintained as 15 wt %. The PAA solu-
tion was cast onto a Teflon plate with a predeter-
mined thickness. The plate was completely dried

Table I Physical Properties of Organic Compounds Used in Sorption

Organic Compound
Molar Volume

(cm3/mol)
Vapor Pressure

(mmHg)a

Solubility
in Water

(wt %)

Solubility
Parameterb

(MPa)1/2

Water (H2O) 18.0 23.8 — 47.8
Ethyl alcohol (EtOH) 58.5 58.7 Miscible 26.5
Isopropyl alcohol (IPA) 76.8 42.6 Miscible 23.5
Acetic acid (AA) 57.1 15.3 Miscible 21.4
Acetone (ACE) 74.0 230.0 Miscible 20.0
Methyl ethyl ketone (MEK) 90.1 90.2 27.50 19.0
Ethyl acetate (EA) 98.5 95.4 8.24 18.1
Methylene dichloride (MC) 63.9 435.9 2.00 20.3
Trichloroethylene (TCE) 90.2 74.3 0.11 19.0
Toluene (TOL) 106.8 28.4 0.0067 18.2
Hexane (HX) 131.6 186.0 Immiscible 14.9

a Calculated at 25°C from Vapor-Liquid Equilibria data by using the Antoine vapor pressure equation.17

b Obtained from CRC handbook.18
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Scheme 1 Chemical structure of a diamine and three dianhydrides used and syn-
thetic route of the PSI membranes.
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at room temperature and then heated at 150°C
for 2 h, 200°C for 5 h, and 250°C for 5 h in a
vacuum oven. PAA was converted into PSI with a
ring closure reaction in the heating process.

In the case of a one-pot system, SIDA and an
equimolar amount of dianhydride in 30 mL of
THF/NMP (50/50 wt %) cosolvent were stirred for
15 h in a four-necked round flask equipped with a
stirrer and a heating system. Then the reflux
temperature was increased gradually up to 190°C
for 12 h followed by the addition of 10 mL of NMP
to the PAA solution. The PSI solution prepared
was poured into water with the aid of a homo-
mixer. The precipitated polymers were washed in
methanol three times and dried in a vacuum
oven. The PSI solution of 10 wt % in THF was cast
on a Teflon plate and then dried at elevated tem-
peratures, resulting in the preparation of three
series of PSI membranes. The membrane thick-
ness was about 150 mm.

Measurements of Physical Properties

1H-NMR spectrometer (Brucker, DRX300) with
tetramethylsilane (TMS) as an internal standard
material and an ATR/IR spectrometer (Bio-Rad,
Digilab, model FTS-80) were used to monitor the
progress of reaction and the degree of imidization.
Glass transition temperature (Tg) was measured
by a Different Scanning Calorimeter (Dupont,
Model 910) with a heating rate of 10°C/min in an
N2 atmosphere. Intrinsic viscosity (hint) was mea-
sured at 30°C in THF by using a Cannon-Fenske
viscometer.19 The value of d-spacing (d) of the
membrane was examined by an X-ray diffractom-
eter (model D/MAX IIIB Rigaku) with a wave-
length (l) of 1.54 Å using Bragg’s equation (nl
5 2d sin u). Density of the polymer was studied
with the buoyancy technique. The fractional free
volume (FFV) was calculated from the density (r)
and van der Waals volume (Vw) estimated by the
group contribution theory of Van Krevelen and
Bondi.20 Surface free energy was calculated from
the Young-Wu equation with the contact angle
data measured by sessile drop method on a Rame-
Hart goniometer (Erma Model G-1) using water
and methylene iodide as contacting liquids.21,22

Total surface free energy (gt) is the sum of the
dispersion component (gd) and the polar compo-
nent (gp). The solubility of PSI membranes was
measured by immersing in organic compounds at
30°C or elevated temperatures for 48 h.

Sorption Experiments

The degree of sorption of PSI membranes for pure
organic compounds listed in Table I was obtained
as follows. The PSI membrane was immersed in
the organic solvents. After the membrane reached
an equilibrium state of swelling in a pure organic
compound, the membrane was removed from the
organic compound. The organic compound on the
membrane surface was carefully removed using
tissue paper, and the membrane was weighed.
After it was dried at 200°C in a vacuum oven, it
was weighed again to obtain the sorption amount
of the organic compounds in the membrane. The
degree of sorption for a pure organic compound,
Fp (wt %), is calculated from the following equa-
tion:

Fp~wt %! 5
Wwet 2 Wdry

Wdry
3 100

To measure the sorption selectivity and de-
gree of sorption for organic aqueous solutions,
the PSI membrane was immersed in aqueous
solution containing 0.05 wt % of organic com-
pound at room temperature for 1 week. The
schematic diagram of the sorption apparatus is
shown in Figure 1. The swollen membrane was
weighed, and introduced into trap 1. Trap 1 was
heated up to 200°C to evaporate the organic
compound in the swollen membrane. The evap-
orated organic compound from trap 1 was col-
lected in trap 2 with liquid nitrogen. The com-
position of the condensed liquid mixture in trap
2 was analyzed with an on-line gas chromatog-

Figure 1 Schematic diagram of preferential sorption
apparatus. 1. Feed tank; 2. cold trap.
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raphy (GC) connected to trap 2. The sorption
selectivity, ao/w

s , is defined by

ao/w
s 5

Mo/Mw

Xo/Xw

where Mo and Mw are the weight fractions of the
organic compound and water in the membrane,
and Xo and Xw are those in the feed, respec-
tively.

Their degree of sorption, Sm, for the organic
aqueous solution is calculated from the following
equation:

Sm~wt %! 5
Wwet 2 Wdry

Wdry
3 100

where Wdry and Wwet represent the weights of a
dry membrane and a swollen membrane, respec-
tively.

Pervaporation Experiments

A schematic diagram of the pervaporation ap-
paratus is shown in Figure 2. The composition
of the permeate was analyzed by an on-line GC
with a TCD detector and a column of Porapak R.

Feed solution in a reservoir was maintained at
a constant temperature with an electronic tem-
perature controller. The effective area of mem-
brane in contact with the feed was 13.85 cm2,
and the pressure at the permeate side was mea-
sured with a pressure transducer and main-
tained at 1–2 mmHg by a vacuum pump. After
the permeate pressure was reached to a steady
state (about 2– 4 h was needed), the permeate
vapor was collected in a cold trap with liquid
nitrogen for about 3 h. The amount and the
composition of the condensed permeate were
measured.

The total permeation flux, J, is calculated from
the equation:

J~kg/m2 h! 5 Q/~A 3 T!

where Q(kg) is the total amount of permeate col-
lected through the effective area of the mem-
brane, A(m2), during the experimental time,
T(h), and after the steady state.

The pervaporation selectivity, ao/w
p , is deter-

mined according to the following equation:

ao/w
p 5

Yo/Yw

Xo/Xw

where Yo and Yw represent the weight fractions of
organic compound and water in the permeate,
and Xo and Xw represent those in the feed, respec-
tively.

RESULTS AND DISCUSSION

Preparation of Polysiloxaneimide Membranes

The structures of the PSI membranes prepared
were characterized by 1H-NMR, and the spectra
are shown in Figure 3. In the spectra, the peak of
the protons ofOSi(CH3)2OO unit appears at near
0 ppm and the peaks of three protons of the propyl
group are shown in the range of 0–4 ppm. More-
over, the peaks of protons of aromatic dianhy-
drides of 6FDA, BTDA, and PMDA were observed
in 6–10 ppm, respectively. The peak of amide
proton cannot be observed in the wide range of
10–14 ppm, indicating that the imidization was
completely done. The ATR/IR spectra show the
characteristic peaks of the PSI membranes. The
absorption peaks of the imide ring are shown at
1780 cm21 (carbonyl group, symmetric stretch-
ing) and 1718 cm21 (carbonyl group, asymmetric

Figure 2 Schematic representation of pervaporation
apparatus: 1. temperature indicating controller; 2. feed
tank; 3. feed pump; 4. membrane cell; 5. GC; 6. sam-
pling valve; 7. PC; 8. cold trap; 9. vent to atmosphere;
10. vacuum pump.
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stretching). The peaks of CON stretching,
OSi(CH3)2O, and O(SiOO)nO units are ob-
served at 1396 cm21, 1250 cm21, and 1015 cm21,

respectively. The two characteristic peaks of
amide absorption cannot be observed at 1650
cm21 (amide I) and 1545 cm21 (amide II), which

Figure 3 1H-NMR spectra of the PSI membranes: (A) PMDA–SIDA; (B) 6FDA–SIDA;
(C) BTDA–SIDA.
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also confirms that PAAs are completely converted
to PSIs.

Physical Properties of Polysiloxaneimide
Membranes

The intrinsic viscosities and glass transition tem-
perature (Tg)s of the PSI membranes are summa-
rized in Table II. The values of intrinsic viscosi-
ties of all the PSI membranes are higher than
0.65 dL/g, which indicates that they have enough
molecular weight to be used as a pervaporation
membrane. The PSI membranes exhibit two Tgs
below room temperature like siloxane-imide co-
polymers, which was observed in a previous
study.23 The first Tgs, in the range of 2120 to
2110°C, are related to the soft siloxane chain
portion, and the second Tgs in the range of 210 to

15°C are related to the hard imide ring portion.
The first Tgs, which might be affected by the hard
imide ring portion, are somewhat higher than
that of crosslinked polydimethylsiloxane
(2123°C). The PSI membranes showed thermo-
plastic elastomeric characteristics with weak me-
chanical strength, resulting from the segregation
of siloxane chains and aromatic imide segments.

Surface free energies, densities, FFVs, and d-
spacings of the PSI membranes are presented in
Table III. The PSI membranes prepared show
very low surface free energies in the order of
BTDA–SIDA . 6FDA–SIDA . PMDA–SIDA.
The low surface free energy of PMDA–SIDA may
be explained in terms of a high siloxane content
with a low surface free energy.

The BTDA–SIDA membrane exhibits higher
surface free energy compared with the other two
membranes, which may be attributed to a polar
carbonyl group of BTDA. The PSI membranes
with flexible chains of siloxane groups have low
densities. The highest density of 6FDA–SIDA is
due to high fluorine content. The PSI membranes
show high values of FFV. The FFV of 6FDA–
SIDA is the highest among three polymers.
6FDA–SIDA has 30.78 wt % of siloxane content
and 9.43 wt % of fluorine content, which enhance
FFV by lowering surface free energy and cohesive
energy.

The solubilities of the PSI membranes ob-
served in various organic compounds are summa-
rized in Table IV. Three PSI membranes of PM-
DA–SIDA, 6FDA–SIDA, and BTDA–SIDA, pre-
pared by the one-pot system, are soluble in

Table II Intrinsic Viscosities and Glass
Transition Temperatures of the PSI Membranes

Monomer
Pair

(Dianhydride-
Diamine)

Molecular
Weight of
Repeating

Unit
(Dalton)

[h]a

(dL/g)

Tg (°C)

Tg
1 Tg

2

6FDA–SIDA 1208.21 0.82 2118 25.40
BTDA–SIDA 1086.20 0.69 2115 13.15

PMDA–SIDA 982.09 0.65 2110
23.75

a Intrinsic viscosity (hint) measured in 0.5 g/dL THF solu-

tion at 30°C using the equation: hint5
Î2(hsp 2 ln hrel)

C

Table III Surface Free Energies, Densities, Fractional Free Volumes, and d-Spacings of the PSI
Membranes

Monomer Pair
(Dianhydride-Diamine)

Siloxane Content
(wt %)

Surface Energya

(dyne/cm) Density
(r)b

(g/cm3)

Fractional
Free

Volume
(FFV)c

d-Spacing
(Å)gd gp gt

6FDA–SIDA

30.78
Fluorine Content

(wt %) : 9.43 18.05 0.04 18.09 1.093 0.190 8.813
BTDA–SIDA 34.24 22.18 0.43 22.61 1.062 0.168 6.573
PMDA–SIDA 37.87 16.44 0.06 16.50 1.041 0.174 7.169

a Calculated from the Young-Wu equation.
b Determined by buoyancy method at 25°C: r 5 [W(a)*r(fl)]/[W(a) 2 W(fl)] r: specific gravity of the solid; r(fl): density of the

liquid; W(a): weight of the solid in air; W(fl): weight of the solid in liquid.

c Calculated from the equation SV 2 Vo

V D and group contribution method by Bondi and van Krevelen; V: the specific molar

volume at temperature; Vo: the molar volume occupied by the molecules at 0 K per mol of repeating unit of the polymer.
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organic compounds such as THF, ACE, MEK, EA,
CF, MC, and TOL. The PSI membranes seem to
have better affinity toward more hydrophobic or-
ganic compounds. BTDA–SIDA membrane pre-
pared by thermal imidization (two-pot system) is
insoluble in all the organic compounds used,
which is due to the crosslinking between radicals
of the methyl group of SIDA and carbonyl group
(CAO) of BTDA during the heat treatment in
preparing the BTDA–SIDA membrane by a two-
pot system.24 The BTDA–SIDA membrane pre-
pared by the two-pot system swells in the good
solvents such as MC, TCE, and TOL because of
the crosslinking.

Sorption and Sorption Selectivity

The degrees of sorption of 10 organic compounds
measured for the PSI membranes are shown in
Figure 4, where the order of organic compounds in
the X-axis is based on the solubility of organic
compounds in water in Table I. Because 6FDA–
SIDA, PMDA–SIDA, and BTDA–SIDA prepared
by the one-pot system are soluble in ACE, MEK,
EA, MC, TCE, and TOL, it is difficult to investi-
gate the trend of degree of sorption as a function
of the hydrophobicity of the organic compound
using 6FDA–SIDA, PMDA–SIDA, and BTDA–
SIDA prepared by the one-pot system. To inves-
tigate the sorption behavior of the above organic
compounds in PSI membranes, BTDA–SIDA pre-
pared by the two-pot system was used for the
sorption test, because it is not soluble in the or-
ganic compounds. The degree of sorption for BT-
DA–SIDA prepared by the two-pot system tends
to increase with the hydrophobicity of organic
compounds, and the degree of sorption of TCE is

found to be the highest (about 1800 wt %). In
Figure 4, the degree of sorption for the
crosslinked PDMS membranes25–28 is also shown,
and compared with that of BTDA–SIDA prepared
by the two-pot system. The degree of sorption for
the crosslinked PDMS membranes increases
gradually with the hydrophobicity of the organic
compounds. The PSI membranes have a rela-
tively low affinity for HX compared with the
crosslinked PDMS membranes. This may be due
to the polar imide ring having a weak interaction
with the nonpolar HX.

The degrees of sorption and sorption selectivi-
ties of 0.05 wt % of the five organic aqueous solu-

Table IV Solubility of the PSI Membrane for Organic Compounds

Monomer Pair
(Dianhydride-Diamine)

Solubilitya in Organic Compounds

NMP DMA DMSO IPA AA THF ACE MEK EA CF MC TOL

6FDA–SIDA 6 6 6 2 2 11 11 11 11 11 11 11
BTDA–SIDA (two-pot

system) 2 2 2 2 2 2 2 2 2 2 2 2
BTDA–SIDA (one-pot

system) 6 6 6 2 2 11 11 11 11 11 11 11
PMDA–SIDA 6 6 6 2 2 11 11 11 11 11 11 11

a Solubility: (11) soluble at room temperature; (6) swelling at room temperature; (2) insoluble even on heating.
* Abbreviations: NMP (1-methy-2-pyrrolidinone), DMA (N,N-dimethylacetamide), DMSO (dimethyl sulfoxide), IPA (isopropyl

alcohol), AA (acetic acid), THF (tetrahydrofuran), ACE (acetone), MEK (methyl ethyl ketone), CF (chloroform), EA (ethyl acetate),
MC (methylene dichloride), TOL (toluene).

Figure 4 Degree of sorption of the PSI membranes
for pure organic compounds at room temperature.
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tions of EtOH, EA, MC, TCE, and TOL for the PSI
membranes were investigated, and are shown in
Figures 5 and 6, respectively. Both the degrees of
sorption and sorption selectivity increase with the
hydrophobicity of organic compounds from EtOH
to TOL. The degree of sorption and sorption se-
lectivity of hydrophilic organic compounds such
as EtOH and EA are very low. The sorption of
hydrophilic organic compounds for the PSI mem-
branes seems to be severely restricted by their
strong interaction with water, i.e., coupling effect.
The sorption selectivity increases in the following
order: BTDA–SIDA , 6FDA–SIDA , PMDA–

SIDA, which relates with the decreasing order of
their surface free energy (Table III). The surface
free energy of the membrane may be an impor-
tant variable for sorption. Interestingly, the de-
gree of sorption and sorption selectivity show the
maximum values for the TOL/water mixture, not
for the TCE solution exhibiting the highest degree
of sorption of pure organic compounds. This result
indicates that the sorption selectivity is governed
by the combined interactions between the mem-
brane, organic compound, and water.

Pervaporation Performances of Polysiloxaneimide
Membranes

The pervaporation experiments were carried out
with five organic aqueous solutions used in the
sorption tests. The concentration of organic com-
pound was 0.05 wt %, and the temperature of the
feed solution was maintained at 30°C. The perva-
poration selectivity and permeation flux of the
PSI membranes of BTDA–SIDA, 6FDA–SIDA,
and PMDA–SIDA are shown in Figures 7 and 8,
respectively. The pervaporation selectivity and
permeation flux for organic aqueous solutions be-
come higher as the organic compound becomes
more hydrophobic from EtOH to TOL. These ob-
servations may be explained as follows. As more
hydrophobic organic compounds such as TOL has
a stronger interaction with the PSI membrane, it
is preferentially sorbed into the membranes and
makes the membrane swell higher. This enhances
FFV of the membrane and reduces diffusion re-
sistance. On the contrary, as more hydrophilic

Figure 5 Degree of sorption of the PSI membranes
for 0.05 wt % of organic aqueous solutions at room
temperature.

Figure 6 Sorption selectivity of the PSI membranes
for 0.05 wt % of organic aqueous solutions at room
temperature.

Figure 7 Pervaporation selectivity of the PSI mem-
branes for 0.05 wt % of organic aqueous solutions at
30°C.
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organic compounds such as EtOH has a poorer
interaction with the PSI membrane and a stron-
ger affinity for water, it is less sorbed into the
membrane and makes the membrane stiffer. This
lowers pervaporation selectivity and permeation
flux. The pervaporation selectivity toward organic
compounds becomes higher in the following order
as: BTDA–SIDA , 6FDA–SIDA ' PMDA–SIDA.
As shown in Figure 8, the permeation flux de-
creases in the following order as: 6FDA–SIDA
. PMDA–SIDA . BTDA–SIDA. Although 6FDA–
SIDA membrane has relatively lower sorption se-
lectivity than the PMDA–SIDA membrane, it ex-
hibits the highest permeation flux. This is
thought to be related to high FFV and d-spacing.
The PSI membranes of BTDA–SIDA, 6FDA–
SIDA, and PMDA–SIDA with 150 mm thickness
exhibit high pervaporation selectivities of 4980,
5450, and 5950, and the permeation flux of 0.027,
0.038, and 0.034, respectively, for 0.05 wt % of the
TCE/water mixture. For 0.05 wt % of the TOL/
water mixture, the pervaporation selectivity and
permeation flux of the PMDA–SIDA membrane
are 9170 and 0.042 kg/m2h, respectively, and
those of 6FDA–SIDA membrane are 8930 and
0.048 kg/m2h, respectively. These results suggest
that the PSI membranes could be used as mem-
brane materials suitable for the separation of
VOCs from water.

Effect of Operation Conditions

Figure 9 shows the effect of MC concentration in
the range of 0.01–1.0 wt % on pervaporation se-
lectivity and permeation flux of BTDA–SIDA

membrane. As the concentration of MC increases,
pervaporation selectivity decreases, but perme-
ation flux increases. The surface free energy of
MC (27.2 dyne/cm) is much lower than that of
water (72 dyne/cm), and that of the BTDA–SIDA
membrane is 22.6 dyne/cm. Therefore, MC is pref-
erentially sorbed into the membrane and water is
repelled. The amount of MC sorbed into the mem-
brane increases with increasing the concentration
of MC. Accordingly, the membrane becomes more
plasticized and swelled by a strong interaction
with MC, and the hydrophobicity of the swelled
membrane decreases. As a result, water diffuses
easily into the MC-swelled membrane, and water
uptake in the membrane is enhanced. Thus, per-
vaporation selectivity decreases, while perme-
ation flux increases.

The pervaporation performance of the BTDA–
SIDA membrane for 0.05 wt % of MC/water mix-
ture at 30°C was investigated as a function of
permeate pressure, and is illustrated in Figure
10. As the permeate pressure increases from 1.35
to 15 Torr, pervaporation selectivity increases lin-
early and permeation flux decreases slightly. This
may be explained by the difference of saturated
vapor pressures. The saturated vapor pressure of
MC is 430 mmHg, whereas that of water is 23.7
mmHg. As the permeation pressure increases, the
desorption resistance of MC at the permeate side
increases slightly with permeate pressure. How-
ever, the desorption resistance of water at the
permeate side increases largely with increasing
permeate pressure. The MC flux is nearly invari-
ant, but water flux decreases linearly with the
permeate pressure. Therefore, the pervaporation

Figure 8 Permeation flux of the PSI membranes for
0.05 wt % of organic aqueous solutions at 30°C.

Figure 9 Effect of the concentration of organic com-
pound on permeation flux and pervaporation selectivity
of BTDA–SIDA membrane at 30°C.
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selectivity increases, but the permeation flux de-
creases.

The effect of feed temperature on pervapora-
tion performance of BTDA–SIDA membrane for
0.05 wt % of MC/water mixture is illustrated in
Figure 11. The feed temperature varied from 30 to
60°C. As the feed temperature increases, the mo-
bility of polymer chains and the activity of MC
increase. The extended mobility of polymeric

membrane reduces the diffusion resistance to-
wards MC, and the entropy of mixing increases.
Accordingly, the permeation flux increases, but
pervaporation selectivity decreases.

The effect of membrane thickness on pervapo-
ration performance of the BTDA–SIDA mem-
brane for 0.05 wt % of MC/water mixture is illus-
trated in Figure 12. As expected, the permeation
flux decreases with increasing membrane thick-
ness, while pervaporation selectivity increases
slightly.

CONCLUSIONS

Three PSI membranes of BTDA–SIDA, 6FDA–
SIDA, and PMDA–SIDA were prepared by poly-
condensation of a SIDA of an Mw of 800 with
three dianhydrides of 6FDA, BTDA, and PMDA.
1H-NMR and ATR/IR confirm that the PSI mem-
branes fully imidized were successfully synthe-
sized. These membranes show low Tgs below
room temperature, low densities, high FFVs, high
d-spacing, and low surface free energy. The PSI
membranes exhibited high sorption and sorption
selectivity for more hydrophobic organic com-
pounds. With increasing hydrophobicity of or-
ganic compound, both pervaporation selectivity
and permeation flux increase. The pervaporation
properties of the membranes were governed by
feed concentration of organic compound, feed tem-
perature, permeate pressure, and membrane
thickness. The PSI membranes with 150 mm
thickness exhibit a high pervaporation selectivity

Figure 10 Effect of permeate pressure on permeation
flux and pervaporation selectivity of BTDA–SIDA
membrane at 30°C.

Figure 11 Effect of feed temperature on permeation
flux and pervaporation selectivity of BTDA–SIDA
membrane.

Figure 12 Effect of membrane thickness on perme-
ation flux and pervaporation selectivity of BTDA–SIDA
membrane at 30°C.

VOC REMOVAL FROM WATER BY PERVAPORATION 2701



of 6000–9000 and a high permeation flux of
0.031–0.047 kg/m2h for 0.05 wt % of the toluene/
water mixture.
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