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SYNOPSIS

Separation of acetic acid/water mixtures by pervaporation was attempted by silicone rubber-
coated polyetherimide membranes. In particular, the effect of the pore size of the polyeth-
erimide membrane and the condition of silicone rubber coating on the performance of the
composite membrane was investigated. It was found that the composite membrane could
become either water selective or acetic acid selective, depending on the pore size of the
support membrane and the condition of the silicone rubber coating. Thus, the overall
performance of the composite membrane can be governed, either by the top coated layer

or by the bottom support layer.

INTRODUCTION

Although industrial application of pervaporation
started only recently, it has been recognized as a
versatile separation process in the chemical and
other industries.! Currently, the industrial appli-
cations of pervaporation are divided into two groups;
one is dehydration of alcohol and other organic sol-
vents, using hydrophilic or charged polymeric mem-
branes,? and the other is the removal of small quan-
tities of volatile organic compounds from water using
membranes of a hydrophobic nature.®> The appli-
cation of the latter process was investigated in re-
lation to the removal of volatile organic pollutants,
such as halogenated hydrocarbons, from water* and
the concentration of flavor compounds from apple
juice.’ In particular, the concentration polarization
occurring during pervaporation was pointed out as
being an important factor governing the membrane
performance.®

As for the process to remove and concentrate vol-
atile organic compounds from the feed aqueous so-
lution into the permeate, there are two commercial
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membranes currently available. Both are of a com-
posite nature. MTR’s pervaporaion membrane
adopts two different elastomeric polymers with suf-
ficiently high permselectivity. One of these polymers
is coated to a thickness of 0.5 to 3.5 um on the top
of a microporous support and the composite mem-
brane so prepared is mounted to the MTR’s spiral
wound module.” Another membrane, from GFT
Corp., is prepared by placing a silicone rubber layer
on an asymmetric polyacrylonitrile supporting ma-
terial.® Investigations were also made on the per-
vaporation performance of a composite membrane
that consists of a thin film of polyether-block—poly-
amides (PEBA) coated on the top of a microporous
polyetherimide (PEI) substrate.® The top surface
layer was thinner than 25, um having an hydropho-
bic nature. In all of the above membranes, the elas-
tomeric film of hydrophobic property was expected
to govern the overall permselectivity. The porous
support was only to strengthen the composite mem-
brane mechanically. In other words, the composite
membrane so prepared was supposed to be organic
compound selective. It should be noted, however,
that all polymeric materials that have been used for
the formation of microporous support membranes
are relatively hydrophilic and water selective.
Therefore, the composite membranes may become
water selective, despite initial intention to render
them preferentially permeable to volatile organic
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compounds, unless an appropriate balance between
the top layer and the porous support layer is main-
tained. The membranes are even more water selec-
tive when the top layer is made thinner in order to
increase the permeation rate, since the resistance of
the support layer may become increasingly high,
relative to the top layer, and may start to dominate
the permselectivity of the composite membrane. We
can find some experimental evidence in the literature
in which the bottom layer, rather than the top layer,
governs the pervaporation performance of bilayer
membranes. The water selectivity of an aromatic
polyamide membrane was intensified when a poly-
dimethylsiloxane membrane was laminated on the
top of an aromatic polyamide membrane.® Similarly,
the preferential permeability of a polyvinylalcohol-
polyvinylpyrrolidone blend film to the more hydro-
philic component (methanol) of methanol-benzene
binary mixtures was intensified by placing a poly-
dimethylsiloxane membrane between the feed so-
lution and the above blend membrane.!® Obviously,
the hydrophilic nature of the membrane, placed at
the bottom of the composite membrane, was inten-
sified by lamination of a hydrophobic film in both
cases. Although, at a first glance, a simple resistance
model seems to explain the above effect, the latter
model is not necessarily valid, since the permselec-
tivity was reversed when the positions in lamination
of hydrophilic and hydrophobic membranes were
interchanged.

The above experimental results suggest that the
hydrophilic and hydrophobic property, and the
morphology of component barrier layers in a com-
posite membrane and their respective position, are
important factors to govern overall permselectivity.

The objective of this work was to study the effect
of the pore size of the micoroporous support layer

and the method of coating the top layer on perva-
poration performance of a composite membrane in
a systematic way. Polydimethylsiloxane (PDMS)
was used for the top layer, while polyetherimide
(PEI) polymer was the material for the microporous
support membrane. Pervaporation of acetic acid/
water mixtures was adopted for the model separation
system. It was shown that both water selective and
acetic acid selective membranes could be prepared,
depending on the pore size of the porous support
membrane and the coating method.

EXPERIMENTAL

Materials

Polyetherimide polymer (Ultem) was supplied by
General Electric Co. and was used after drying at
150°C for 4 h. N-methylpyrrolidone was from J. T.
Baker Co. and was used without further purification.
Curing agent I (tetraethyl orthosilicate) and II (di-
butyltin dilaurate ) were supplied by Aldrich Chem-
ical Co. Inc. The backing material was a polyester
film (Style 3296), supplied by Filtration Science Co.
All other chemicals were of reagent grade and were
used without further purification.

Membrane Preparation

The composition of casting solutions used to prepare
polyetherimide support membranes is given in Table
I. The casting solution was cast onto a backing ma-
terial (polyester film Style 3296) at the casting tem-
perature of 19°C and the relative humidity of 37.8%.
The cast film was then gelled in ice-cold water for
2 h. The sequence of solvent exchange and drying

Table I Composition of Casting Solution and Thickness of Polyetherimide Support Membrane

Composition (wt %)

Membrane
No. Polymer NMP t-BuOH MeOH Film Thickness (um)
1 20 80 254 (as cast)
2 23 s 254 (as cast)
3 27 73 254 (as cast)
4 30 70 254 (as cast)
5 9 81.8 3.6 5.5 254 (as cast)
127 (in dry form)
6 17 83 51 (as cast)

30.5 (in dry form)

NMP = N-methylpyrrolidone.
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Table II Composition of Dimethylsiloxane Solution and Thickness of Polydimethylsiloxane Coating

Composition (wt %)

Membrane Tetraethyl Dibutyltin
No. Dimethylsiloxane Orthosilicate Dilaurate Haxane Film Thickness (um)
A 6.58 0.23 0.37 92.83 NA*
B 47.4 4.0 1.2 47.4 —r
C 65.1 1.9 4.7 28.3 —b
D 73.6 6.1 1.9 18.4 101.6 (as cast)
E© _ d _d _d _d _d

2 (NA) Not applicable.

b Given in the text.

¢ Film laminated on the top of PEI support membrane.
4 Supplied by General Electric Co.

of membranes was as follows: The water wet mem-
branes, obtained after gelation, were immersed into
an ethyl alcohol bath and were kept in the bath for
6 h. Alcohol in the bath was replaced with fresh
ethyl alcohol and the membrane was kept in the
bath for 16 h. The content of the bath was further
replaced with hexane, in which the membrane was
kept for 24 h. Then, the membrane was air-dried.
One of the PEI membranes (membrane 6) was a
thin homogeneous membrane. Gelation procedure
was not involved in the preparation of the latter
membrane. Instead, the cast film was dried at 95°C
for 2 h. Dry asymmetric polyetherimide membranes
were either laminated with a polydimethylsiloxane
(PDMS) membrane or were coated with PDMS
material before being used for pervaporation exper-
iments.

The coating technique of the top PDMS (silicone
rubber)-A film (see Table II) was the same as that
described in detail in the previous article.!' Briefly,
a dry PEI membrane was mounted at the bottom of
a cylindrical permeation cell that was filled partially
with dimethylsiloxane solution, including curing
agents and hexane solvent. The solution was poured
out of the cell, which was then kept upside down for
30 min so that any residual solution could be drained

Table III Conditions of PDMS Film Coating

Air Curing Curing
Membrane Drying Temperature Period
No. Period (h) °C) (h)
A 1 80 1
B 16 80 1
C 16 80 1
D 1 80 1.5

and the solvent evaporated. The thin film so pro-
duced was further cured at 80°C for 1 h. As for the
PDMS coating-B, dimethylsiloxane solution was
coated on the top surface of a dry PEI membrane
by using a casting blade and, after being dried in air
at ambient temperature for 16 h, the thin PDMS
layer was cured at 80°C for 1 h. As for the PDMS
coating-C, the dimethylsiloxane solution was coated
on the top of the silicone coating-B. The PDMS
coating- D was applied directly to a backing material.
Conditions of film drying and coating are summa-
rized in Table III. The PDMS membrane-E was
supplied generously by General Electric Co.

The membrane codes, listed in Tables I, and 1I,
will be used hereafter. For example, membrane A-1
means that the PEI porous support was made under
the condition specified for membrane 1 in Table I,
while PDMS coating was performed under the con-
dition specified for PDMS coating-A in Table II.
Membrane-1 means, on the other hand, that the PEI
supports membrane-1 without lamination or coating.

The membrane thickness is also listed in Tables
I and II. The as-cast thickness indicates the casting
gap of the blade, whereas the thickness in dry form
was measured using a micrometer.

Pervaporation Experiments

Pervaporation experiments were carried out as de-
scribed in our previous work.!2 The cell for the per-
meation experiments was the same as the static cell
used in the reverse osmosis and ultrafiltration ex-
periments.!? The effective area of the membrane was
10.2 ecm?. About 50 cm? of feed liquid was loaded in
the permeation cell. A prescribed pressure was ap-
plied at the downstream side of the membrane, while
the upstream pressure was maintained at an at-
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mospheric pressure. The permeate sample was con-
densed and was collected in a cold trap with liquid
nitrogen. The permeation rate was determined by
measuring the weight of the permeate sample col-
lected during a predetermined time. The permeation
temperature was controlled by immersing the cell
in a constant temperature bath. The downstream
pressure was controlled within =1 mm Hg. The
composition of the feed and the permeate sample
was determined by gas chromatography.

RESULTS AND DISCUSSION

Performance Data of the Porous PEl Support
Membrane

The permeability of air through dry PEI membranes
(membranes-1 to -5) is shown as a function of PEI
polymer concentration in the casting solution in
Figure 1. The permeability decreases with an in-
crease in the PEI concentration, indicating that the
pore size of the PEI membranes becomes smaller as
the concentration of the polymer in the casting so-
lution increases. The permeate flux and the per-
meate composition of PEI membranes for perva-
poration of feed acetic acid-water mixtures, with

-4

feed mole fraction of 0.09, are given in Figure 2 as
a function of the polymer concentration in the cast-
ing solution. The flux became two orders of mag-
nitude less when the PEI concentration in the cast-
ing solution was increased from 20 to 27%. The
acetic acid mole fraction in the permeate, on the
other hand, decreased from 0.0890 to 0.0648, indi-
cating that PEI membranes are water selective and
that the pore size decreases as the PEI concentration
in the casting solution increases. This trend, how-
ever, was reversed when the PEI concentration in
the casting solution was increased from 27 to 30%.
The flux of the PEI porous substrate, made from
the casting solution containing 9% PEI (membrane-
5), was so large that neither the flux nor the per-
meate concentration could be determined. The latter
membrane, however, was nonselective. The porous
structure of the substrate membrane was, therefore,
characterized by the air permeation rate and the
pervaporation performance. A direct measurement
of the pore size by SEM was impossible since the
pore size involved was too small.

Performance Data of Homogeneous Membranes

Pervaporation fluxes of both acetic acid and water
were measured for a homogeneous PEI membrane
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Figure 1 Air permeability through uncoated polyetherimide membranes. Temperature,
ambient; upstream pressure, atmospheric; downstream pressure; 12101 Pa (90.8 mm Hg),
3439 Pa (25.8 mm Hg), 115 Pa (0.86 mm Hg), 83 Pa (0.62 mm Hg), and 15,849 Pa (118.9
mm Hg) for membranes 1, 2, 3, 4, and 5, respectively.
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Figure 2 Pervaporation performance of uncoated polyetherimide membranes. Temper-
ature, ambient; downstream pressure, below 733 Pa (5.5 mm Hg); feed acetic acid mole

fraction, 0.09.

(membrane-6) at the downstream pressure of 57.3
Pa (0.43 mm Hg). The flux data of this particular
membrane were 4.51 X 107° mol/m? s and 2.61
X 10™* mol/m? s for acetic acid and water, respec-
tively, indicating that the PEI material was water
selective. Similarly, pervaporation fluxes of both
acetic acid and water were measured with respect
to the homogeneous PDMS membrane (membrane-

D) at the downstream pressure of 33.33 Pa (0.25
mm Hg). The flux data were 1.14 X 10™* mol/m? s
and 1.81 X 107® mol /m? s for acetic acid and water,
respectively, indicating that this particular mem-
brane was acetic acid selective. The latter data on
the PDMS membrane coincides with the data ob-
tained for PDMS membranes supplied by General
Electric Co.®
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Performance Data of Laminated PDMS-PEI
Membrane

Pervaporation experiments were carried out using
a laminated PDMS (top)-PEI (bottom) membrane
(membrane E-5). As a PEI porous support, the most
porous PEI membrane was used. The downstream
pressure was kept at 33.3 Pa (0.25 mm Hg). Ex-
perimental data for the molar flux and the acetic

acid mole fraction in the permeate are given as a
function of the feed acetic acid mole fraction in Fig-
ure 3. The laminated membrane was acetic acid se-
lective. Acetic acid mole fraction in the permeate
was higher than that in the feed and also the per-
meation flux increased with an increase in acetic
acid mole fraction in the feed. Figure 3 also includes
the data for PDMS membrane without porous PEI
substrate (membrane- E). While the selectivities of

O PEIE-5
O PEI-E
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Figure 3 Pervaporation performance of a PDMS membrane® (membrane-E) and a
PDMS/PEI laminated membrane (membrane E-5). Temperature, ambient; downstream

pressure, 33.3 Pa (0.25 mm Hg).
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membrane E-5 and membrane-E are almost the
same, the flux data are different, indicating the effect
of the support layer in the former membrane.

Performance Data of PDMS-Coated PEI
Membranes

Air permeation and pervaporation experiments were
carried out with respect to the porous PEI support

1005

coated with PDMS multilayers. Four PEI support
membranes with different pore sizes were used for
this purpose and five layers of PDMS coatings were
applied, according to the method described as
PDMS-A, coating in Table II, for each PEI sub-
strate. Therefore, membranes coded as A-1, A-2, A-
3, and A-4 were involved in this study. The results
are summarized in Figure 4, where air permeability,
pervaporation flux, and the acetic acid mole fraction
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Figure4 Pervaporation performance of PDMS multilayers coated on PEI support mem-
branes of different pore sizes. Temperature, ambient; downstream pressure, below 200 Pa
(1.5 mm Hg), feed acetic acid mole fraction, 0.09.
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in the permeate are plotted vs. the number of coat-
ings applied. The feed mole fraction of acetic acid
in pervaporation experiments was kept 0.09. Both
air permeability and pervaporation flux decreased
with the number of coating. The change from the
second coating was, however, gradual.

The data for the acetic acid mole fraction of the
permeate is interesting. Except the data for the
fourth and fifth coating of membrane A-1, all the
data are below the acetic acid mole fraction in the
feed. In other words, membranes were water selec-

tive. We have already learned from the data of a
homogeneous PEI membrane that PEI membranes
are intrinsically water selective. We have also
learned, from Figure 2, that water selectivity in-
creases from membrane 1 to 3 as the pore size of
the asymmetric PEI membrane decreases. The ex-
perimental results, illustrated in Figure 4, indicate
that the water selectivity of the PEI support mem-
brane was intensified by the coating with PDMS
polymer. Apparently, the water selectivity of the
coated membrane depended on that of the uncoated
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Figure 5 Pervaporation performance of a PDMS-coated PEI porous support membrane
(membrane CB-5). Temperature, ambient; downstream pressure, 13.3 Pa (0.1 mm Hg).
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membrane. The membrane-3, which showed the
highest water selectivity when uncoated, became the
most water selective membrane after the PDMS
coating. The effect of the coating on the selectivity
seems to be the most marked after the first coating.
It is interesting to note that there was practically
no acetic acid in the solution that permeated through
the membrane A-3 after the third coating. PDMS
material is intrinsically acetic acid selective, as our
previous data show. The coating of a PEI porous
support membrane, which is water selective, with
PDMS layers, which are acetic acid selective, re-
sulted in a water selectivity higher than that of the
PEI support membrane. These experimental data
are similar to those reported in the earlier work,®
where the water selectivity of aromatic polyamide
membranes was increased by lamination (on the top
side) of a PDMS film.

We have pointed out that the above effect can be
explained either by the resistance model, where it
is assumed that the lamination of a PDMS mem-
brane on the top of the porous PEI support layer
prevents the leak of the feed solution through large
pores on the latter PEI membrane, thereby revealing
more explicitly the intrinsic property of the PEI
material, or by another mechanism that assumes
the repulsion of feed liquid by the PDMS membrane,
resulting in a lesser degree of swelling of the top
skin layer of the PEI membrane that is supposed to
be the most selective in a dry form. More work is
necessary to discover the mechanism that is effec-
tive.

Figure 4 also shows that the acetic acid mole frac-
tion in the permeate tended to increase at the fourth
and fifth coating. The above tendency was observed
for most of the PEI support membranes. This effect
was probably due to the increased effect of the
PDMS layer on the selectivity when the PDMS layer
became thicker.

Finally, Figure 5 showed the results of the ex-
periments with respect to membrane CB-5. As Table
I indicates, PEI membrane-5 is the most porous
membrane cast from the solution with the lowest
concentration of PEI polymer. As explained earlier,
PDMS coating CB consists of two PDMS layers (C
on top of B), each formed by applying dimethylsi-
loxane solutions, the concentrations of which were
much higher than that of coating A. The total
thickness of the silicone rubber layer was measured
by a micrometer after peeling the silicone layer off
the substrate membrane. It was less than 25 um.
The results, shown in Figure 5, are almost the same
as those of a single PDMS membrane (membrane-
E) and a laminated PDMS membrane (membrane

E-5). However, both selectivity and flux of CB-5
were higher than those of membranes-E and E-5.

CONCLUSIONS

From the above experimental results for pervapor-
ation of acetic acid-water mixtures, the following
conclusions can be drawn.

1. Polyetherimide (PEI, Ultem) membranes are
water selective, whereas PDMS membranes
are acetic acid selective.

2. The selectivity of membranes, prepared by
coating a PDMS film on the top of a porous
PEI support layer, depends on the pore size
of the support layer and the method of PDMS
coating.

3. When the PEI concentration in the casting
solution used for preparation of the support
membrane is high, and the concentration of
dimethylsiloxane solution coated on the top
of the dry PEI support layer is low, the com-
posite membrane becomes water selective.

4. When both the PEI and dimethylsiloxane
concentrations in the respective casting so-
lution are low, the composite membrane is
nonselective.

5. When the PEI concentration is low and the
dimethylsiloxane concentration is high in the
respective casting solution, the membrane
becomes acetic acid selective.

Analysis of experimental data by pervaporation
transport equations is underway in order to elucidate
the mechanism of pervaporation through the com-
posite membrane.
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