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ABSTRACT: The separation of a chlorinated hydrocarbon from a dilute aqueous solution
through a crosslinked acrylate copolymer—porous substrate composite membrane by
pervaporation was investigated. Poly(n-butyl acrylate-co-acrylic acid) and poly(n-butyl
acrylate-co-2-hydroxyethyl acrylate) were synthesized and composite membranes were
prepared, which were made from the crosslinked polymer and a porous substrate.
Pervaporation measurement was carried out for a dilute aqueous solution of 1,1,2-
trichloroethane at 25°C and under a vacuum on the permeate side (below 10 mmHg).
The separation factor, overall flux, 1,1,2-trichloroethane concentration in the mem-
brane, and the degree of swelling decreased with increase in the acrylic acid or
2-hydroxyethyl acrylate content of the acrylate copolymer. The influence of the
crosslinking agent content on the pervaporation performance was small, and the
separation factor and the overall flux showed a convex curve. The structure of the
crosslinking agent had no effect on the separation. The influence of the pore size of the
substrate and the thickness of the polymer layer on the separation of 1,1,2-trichloro-
ethane was observed. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 983-994, 1999

Key words: pervaporation; polyacrylate; 1,1,2-trichloroethane; permselective mem-
brane; porous substrate; crosslinking agent

INTRODUCTION

The separation of a liquid mixture by pervaporation
has been investigated as a useful method. Thus far,
water permselective membranes for water—organic
solvent mixtures have been developed and have
been submitted to practical use.! In recent years,
organic solvent permselective membranes have
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been studied as the next step. These are mem-
branes which separate an organic solvent from a
dilute aqueous solution. Membranes which have
high permselectivity for specific organics have been
obtained.>'? These membranes consist of hydro-
phobic polymers and have a high affinity for specific
organic solvents which are separated from the
aqueous solution. In general, the molecular size of
the organic solvent is bigger than that of water. The
membrane materials are therefore rubbery poly-
mers at the operating temperature to decrease the
diffusion resistance of the organic solvent.

We have reported that crosslinked polyacrylate
and polymethacrylate membranes have high
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permselectivity for chlorinated hydrocarbons and
esters for the separation of these organic solvents
from dilute aqueous solutions.'®~!® In the previ-
ous work using polyacrylate or polymethacrylate,
copolymer membranes of acrylic acid (AA),
methacrylic acid (MA), and methyl methacrylate
(MMA) were employed for water-permselective
membranes.'®~2° The polyacrylate and the poly-
methacrylate polymers, which contain a short hy-
drocarbon chain of an ester residue or a hydro-
philic functional group, show water permselectiv-
ity and have a high glass transition temperature
(Ty). When the hydrocarbon chain of the ester
residue becomes long, the 7', of polyacrylate and
polymethacrylate is below the ordinary tempera-
ture.?! The polyacrylate and the polymethacry-
late in a rubbery state show adhesiveness and
their mechanical strength is low. Therefore, these
polymers have scarcely been studied as materials
for separation membranes. However, these poly-
mers have high affinity for specific organic sol-
vents. In the case of the separation of an organic
solvent from a dilute aqueous solution, the rub-
bery polymer is favorable for the organic solvent
in terms of the diffusivity. It is considered that
these polymers are excellent as materials for or-
ganic solvent permselective membranes. To uti-
lize these polymers for an organic solvent perms-
elective membrane, we reduced the above disad-
vantages by crosslinking of these polymers and
making a composite membrane with a porous
substrate. The crosslinking of the polymer was
carried out by the reaction of a multifunctional
compound with the polymer which copolymerizes
with a monomer containing a functional group,
for example, AA or 2-hydroxyethyl acrylate
(HEA). The AA and the HEA have hydrophilic
functional groups, a carboxyl group and a hy-
droxyl group. These functional groups were con-
sumed by reacting with the crosslinking agent.
Because not all the functional groups were con-
sumed, their influence on the organic solvent
permselectivity was presumed. It was anticipated
that the difference in the crosslinking density, the
number of functional groups, and the structure of
the crosslinking agent would affect the perm-
selectivity.

In previous work, it was confirmed that the
hydrophobicity of the porous substrate influenced
the permselectivity.!®>1* Consequently, it was ex-
pected that there would be an influence of the
porous substrate on the permselectivity. For the
separation of phenol in a polyurethane mem-
brane, the dependence of the polyurethane layer

thickness on the permselectivity was observed.??
In this study, the effects of the AA or the HEA
content of the n-butyl acrylate (BA) copolymer,
the thickness of the acrylate layer, the crosslink-
ing agent, and the porous substrate were investi-
gated to show the influence of these factors on the
separation of an 1,1,2-trichloroethane (TCE)-wa-
ter mixture.

EXPERIMENTAL

Synthesis of Poly(BA-co-AA) and Poly(BA-co-HEA)

Poly(BA-co-AA) and poly(BA-co-HEA) were pre-
pared by solution polymerization. Acrylate mono-
mers (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan), azobisisobutyronitrile (AIBN, Wako Pure
Chemical Industry, Ltd., Osaka, Japan) as the
initiator, and a mixture of toluene and ethyl ace-
tate as the solvent were stirred in a 500-cm? flask
equipped with a condenser and a calcium dichlo-
ride drying tube. The reactor was purged with
dried nitrogen. After stirring for 30 min, the mix-
ture was heated at 70°C using a temperature-
controlled water bath. The polymerization reac-
tion was then carried out at the same tempera-
ture for 8 h. The AIBN concentration was 0.05
mol % of the acrylate monomers, and the solvent
mixture ratio was 9 : 1 (ethyl acetate : toluene).
The AA content of poly(BA-co-AA) was 0, 3, 5, 10,
and 15 wt % and the HEA content of poly(BA-co-
HEA) was 2, 5, 8, and 10 wt %. The BA, AA, and
HEA were purified by vacuum-distillation, while
the other reagents were used without further pu-
rification.

The molecular weight of the acrylate copolymer
was measured by size-exclusion chromatography
(SEC standard, polystyrene). The glass transition
temperature (7,) was measured by differential
scanning calorimetry (DSC sample weight, 5-8
mg; rate, 10°C/min).

Membrane Preparation

A crosslinking agent (TGXDA, TMPTDI, or Al
(acac)s; structures are shown in Fig. 1) was added
to a toluene solution containing 25 wt % of the
acrylate copolymer. The solution was cast onto an
exfoliation-treated poly(ethylene terephthalate)
(PET) film and then dried at 80°C for 5 min. A
porous substrate was placed on the acrylate co-
polymer membrane and the PET film was dis-
placed by the porous substrate. Thus, a sandwich-
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Figure 1 Structure of crosslinking agent.

type composite membrane was prepared. The
membrane preparation is shown in Figure 2. The
cross section of the composite membrane was ob-
served with a scanning electron microscope (SEM).

The membrane of which the AA content was
10% and the crosslinking agent (e.g., TGXDA)
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content was 0.05 (the ratio of the functional group
of crosslinking agent to that of the copolymer) was
represented as poly(BA-co-AA) (90 : 10, TGXDA
0.05).

Pervaporation Measurement

A schematic diagram of the pervaporation mea-
surement apparatus is shown in Figure 3. A per-
meation cell was assembled from two half-cells of
stainless steel and fastened together by bolted
clamps. An O-ring was used between the perva-
poration cell’s upper compartment and the mem-
brane. The membrane was supported on a sin-
tered stainless-steel plate with holes, and the ef-
fective membrane area was 10.21 cm?. The feed
liquid was circulated using a microtube pump
through a stainless tube in the constant temper-
ature water bath at 25°C, and the amount of the
feed liquid was 1000 cm®. The downstream pres-
sure was kept below 10 mmHg, and the upstream
pressure was maintained at atmospheric pres-
sure. The permeate vapor was collected in a cold
trap surrounded by liquid nitrogen.

The experimental procedure was as follows:
The pervaporation cell, after inserting the mem-
brane, was placed in a constant temperature wa-
ter bath maintained at 25°C. The downstream
side of the membrane was under a vacuum, and
the feed liquid was circulated. After reaching a
steady-state condition (more than 12 h later), the
permeate vapor was collected for 3 h. The TCE
concentration in the feed liquid was measured by
gas chromatographic analysis at the start and at
the end of the pervaporation measurement. The
concentration of TCE and water in the permeate
liquid and the flux were determined by gas chro-
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]
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Figure 2 Preparation of the composite membrane.
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Figure 3 Pervaporation apparatus: (1) stirring motor; (2) pervaporation cell; (3)
constant temperature water bath; (4) greaseless cock; (5) ball joint; (6) cold trap for
collecting sample; (7) vacuum gauge; (8) cold trap; (9) vacuum pump; (10) microtube

pump; (11) feed solution.

matographic analysis and by measuring the
weight of the collected sample, respectively. The
concentration of TCE in the permeate liquid was
high, so that the permeant separated into two
phases. The gas chromatographic analysis was
then carried out by adding 2-propanol to make a
uniform solution.

For each condition, the above pervaporation
measurement was conducted three times, and the
flux and the concentration of TCE and water in
the permeate liquid were confirmed to be con-
stant. The flux was calculated using the following
equation:

Flux (gm2h™!) = % 1)

The separation factor of pervaporation, ap, is ex-
pressed as follows.

Ci2/Cj2
T ClCy

(2)

Degree of Swelling and Sorption Measurement

The acrylate copolymer membrane piece, the
weight of which was previously measured, was
immersed in the aqueous TCE solution (50 cm?®)
for 48 h at 25°C. The solution on the membrane
surface was wiped off, and the weight of the mem-
brane was measured. The degree of swelling was
calculated as follows:

Wy — W
=W TP w100 (3)

Degree of swelling (%) = W
D

The concentration of the absorbate was measured
with the apparatus shown in Figure 4.

Figure 4 Desorption apparatus: (1) glass vessel; (2)
cold trap for collecting sample; (3) ball joint; (4) grease-
less cock; (5) glass cock; (6) drying tube with CaCl,; (7)
to vacuum line.
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Porous polvpropylene substrate

Poly (BA-co-AA)

Figure 5 Cross-sectional view of poly(BA-co-AA) (90 : 10, TGXDA 0.05)—porous
polypropylene (PP) substrate composite membrane by SEM.

After weighing the swollen membrane for the
degree of swelling measurement, the membrane
piece was frozen in a glass vessel with liquid
nitrogen. The glass vessel and a cold trap were
under a vacuum, and then the glass vessel was
heated (at 70-80°C) after removing the liquid
nitrogen. The absorbate was vaporized and col-
lected in the cold trap with liquid nitrogen. After
30 min, the pressure of the glass apparatus was
made atmospheric by opening a leak cock at-
tached to a calcium dichloride drying tube. The
concentration of TCE and water were determined
by measuring the collected liquid in the same way
as the pervaporation. The separation factor of
partition, ag,;, can be written as

K, Cy/Cy
K T K, CifCh

(4)

RESULTS AND DISCUSSION

Membrane Preparation

The weight-average molecular weight of the acry-
late copolymer was from 3.12 X 10° to 4.87 X 10°.
The T, of poly(BA-co-AA) (90 : 10) and poly(BA-
co-HEA) (90 : 10) was —34.0 and —44.7°C, respec-
tively.

A BA homopolymer membrane which had suf-
ficient strength to be used for the separation was
not obtained. On the other hand, the crosslinked
copolymer membranes had adequate strength, so
that the composite membranes were prepared.

A cross-sectional view of the poly(BA-co-AA)
(90 : 10, TGXDA 0.05)—polypropylene porous sub-
strate (Celgard® 2500) composite membrane by

SEM is shown in Figure 5. The acrylate copoly-
mer did not intrude into the pores.

Influence of AA or HEA Content in Copolymers

The influence of the AA content in the poly(BA-
co-AA) on the separation of a TCE-water mixture
is shown in Figure 6. The TGXDA content of the
poly(BA-co-AA) membranes was the same as the
poly(BA-co-AA) (90 : 10). The TCE concentration
in the permeate solution decreased from 60.4 to
53.5 wt %, and the overall flux decreased from
45.9 to 37.0 g m 2 h™! with increasing the AA
content in the acrylate copolymer. To decrease the
TCE concentration in the permeate solution, the
separation factor was decreased from 776 to 592.

Figure 7 shows the influence of the AA content
in the acrylate copolymer on the sorption and the
degree of swelling. The TCE concentration in the
membrane and the degree of swelling decreased
from 91.1 to 61.0 wt % and from 19.4 to 13.2%
with increasing AA content in the copolymer. The
AA has a hydrophilic carboxyl group. When the
AA in the poly(BA-co-AA) increased, the water
affinity of the membrane became higher. There-
fore, the TCE affinity of the membrane was re-
duced, and it is considered that the TCE concen-
tration in the membrane decreased. The separa-
tion of TCE through the polyacrylate membrane
is governed by the solubility selectivity.>~!° Be-
cause the TCE affinity of the membrane became
lower, namely, the TCE solubility in the mem-
brane decreased, the TCE concentration in the
permeate solution decreased. The degree of swell-
ing also decreased due to the decrease in the
amount of TCE in the membrane.

The influence of the HEA content in the poly
(BA-co-HEA) is shown in Figure 8. The TGXDA
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Figure 6 Influence of AA content on the TCE-water
mixture separation through poly(BA-co-AA) mem-
brane. Each point represents the mean of three deter-
minations. Pervaporation conditions: feed solution, 0.2
wt % TCE aq.; temperature, 25°C; downstream pres-
sure, under 10 mmHg.

content of the poly(BA-co-HEA) membranes was
the same as that of the poly(BA-co-HEA) (90 : 10).
The permeated TCE decreased from 58.4 to 53.0
wt % with increasing HEA content in the copoly-
mer, and the overall flux slightly decreased from
53.4 to 51.1 g m 2 h™ . The result of the sorption
and the degree of swelling are shown in Figure 9.
The concentration of TCE in the membrane de-
creased from 77.4 to 65.0 wt %, and the degree of
swelling also decreased from 29.4 to 21.8% with
increasing HEA content in the membrane. It is
considered that the decrease in these values with
increasing HEA in the acrylate copolymer is ex-
plained by the increase in hydrophilicity in the
same manner as that of the poly(BA-co-AA) mem-
brane.

The apparent mean diffusion coefficient of the

TCE and the water (Dpeg and Dy ui.,) can be
calculated using egs. (5), (6) and (7)*%
Pi = Di Ki (5)
P,
J;= A Ci (6)
K=o 7
Jj Ci1 ( )

Figures 10 and 11 show the relationship between
the AA or the HEA content in the acrylate copol-
ymer and the Dyqi and the D, ... Each value
decreased with increase in the functional mono-
mer content. The increase in carboxyl groups of
the copolymer can contribute to an increase in
hydrogen bonding. The mobility of the polymer
chains was reduced in order to increase the hy-
drogen bonds and to decrease the degree of swell-
ing.1?3 Therefore, it seems that the diffusion re-
sistance increased and a decrease in the flux re-
sulted.

Even though the D, was greater than the
Drcp, the partial flux of TCE was greater than
that of water. In general, the permeability is rep-
resented by the products of the diffusivity and the
solubility.?*#?® As a result of the sorption mea-
surement, the affinity of TCE for the acrylate
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Figure 7 Influence of AA content on the sorption and
the degree of swelling for poly(BA-co-AA) membrane in
0.2 wt % TCE aqueous solution at 25°C. Each point
represents the mean of three determinations.
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Figure 8 Influence of HEA content on the TCE-wa-
ter mixture separation through poly(BA-co-HEA) mem-
brane. Each point represents the mean of three deter-
minations. Pervaporation conditions: feed solution, 0.2
wt % TCE aq.; temperature, 25°C; downstream pres-
sure, under 10 mmHg.

copolymer was very high. Although the diffusivity
was favorable for water, the permeability of TCE
was greater than that of water due to the contri-
bution of high TCE solubility.

Comparison of the results of the pervaporation
and the sorption for the acrylate copolymer con-
taining AA with that containing HEA shows that
the former had a larger TCE concentration in the
permeate solution than had the latter. The latter
was larger than the former in the flux (total and
partial flux) and the degree of swelling. On the
other hand, the TCE concentration in both mem-
branes was nearly equal.

It seems that the influence of the hydrophilic
functional monomer on the TCE solubility for the
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Figure 9 Influence of HEA content on the sorption
and the degree of swelling for poly(BA-co-HEA) mem-
brane in 0.2 wt % TCE aqueous solution at 25°C. Each
point represents the mean of three determinations.

polyacrylate membrane was very small as a result
of the sorption measurement. Therefore, a differ-
ence in the diffusivity between the poly(BA-co-
AA) and poly(BA-co-HEA) was suggested. This
should be supported by Figures 10 and 11.

The Dyer of poly(BA-co-AA) and poly(BA-co-
HEA) was nearly equal, and the D, of poly
(BA-co-HEA) was greater than that of poly(BA-co-
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Figure 10 Influence of AA content on the apparent
mean diffusion coefficient for poly(BA-co-AA) mem-
brane at 25°C. Each point is calculated by the mean of
three determinations.
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Figure 11 Influence of HEA content on the apparent
mean diffusion coefficient for poly(BA-co-HEA) mem-
brane at 25°C. Each point is calculated by the mean of
three determinations.

AA) without the copolymer containing 3% AA.
Because the acidity of the carboxyl group is
higher than that of the hydroxyl group, the hy-
drogen-bond intensity of the carboxyl group is
larger than that of the hydroxyl group.

The degree of swelling of poly(BA-co-HEA)
should become greater than that of poly(BA-co-
AA) due to the decrease in the interaction be-
tween polymer chains. Consequently, it is consid-
ered that the polymer chains of poly(BA-co-HEA)

900 100
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T

60

<_| 4 40
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Separation factor (TCE/Water)
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Membrane thickness / um

TCE in permeate / wt%

become more flexible than those of poly(BA-co-
AA). With increasing flexibility, the diffusion re-
sistance of the membrane becomes small.»?3 It
seems that the flux of the poly(BA-co-HEA) was
greater than that of the poly(BA-co-AA).

The change in intermolecular space with the
molecular chain flexibility should influence the
diffusivity of water (molecular size is small) and
should have little influence on that of TCE (mo-
lecular size is large). Therefore, it is considered
that the difference in the D and that of TCE
was small.

water

Membrane Thickness

The influence of the membrane thickness on the
separation of the TCE—water mixture through the
poly(BA-co-AA) (90 : 10, TGXDA 0.05) membrane
is shown in Figure 12. The overall and partial
fluxes were plotted as a function of the reciprocal
of the thickness. The membrane thickness was
measured before the pervaporation measure-
ment.

The flux decreased from 46.2 to 27.3 gm 2h™!
with increasing membrane thickness. The TCE
concentration in the permeate solution increased
from 54.6 to 62.7 wt %, and the separation factor
also increased from 613 to 833. A linear relation-
ship existed between the flux and the reciprocal
membrane thickness. It is considered that the
flux obeyed Fick’s law. The flux (overall and par-
tial) did not become zero when the membrane
thickness was extrapolated to infinity. The mem-
brane swelled gradationally, and the membrane
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Figure 12 Effect of membrane thickness on the separation of TCE through poly(BA-
co-AA) membrane. Each point represents the mean of three determinations. Pervapo-
ration conditions: feed solution, 0.2 wt % TCE aq.; temperature, 25°C; downstream

pressure, under 10 mmHg.
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thickness was greater than that of the dried mem-
brane under pervaporation conditions. It is antic-
ipated that the swollen membrane thickness was
not increased proportionally to the increase in the
dried membrane thickness. The measurement of
the membrane thickness under pervaporation
conditions was very difficult, and the fluxes were
plotted using the dried membrane thickness for
the sake of convenience. Therefore, it is consid-
ered that the plots of fluxes did not pass through
the origin of the coordinates due to the difference
between the dried membrane thickness and that
of the swollen membrane under pervaporation
conditions.

Under the steady-state condition of pervapora-
tion with moderate swelling taking place in the
membrane, the concentration of the penetrants is
high on the upstream side of the membrane and
gradually decreased toward the downstream side
of the membrane. There is, then, a remarkable
decrease on the downstream side of the mem-
brane.?42527 The degree of swelling should be
considered in the same manner as in the concen-
tration of the penetrants.

The solubility of TCE in the membrane was
very high as a result of the sorption measure-
ment, so that the concentration gradient of phenol
in the highly swollen region was very small.
There should be a concentration gradient of water
in the entire membrane, and that was greater
than the TCE because the solubility of water was
low.

It is presumed that the difference in the con-
centration of TCE around the downstream side
between the thin membrane and the thick mem-
brane was relatively small, and the concentration
of water around the downstream side in the thin
membrane was greater than that of the thick
membrane because of the concentration profile of
TCE and water in the membrane. Consequently,
it seems that the decrease in the TCE partial flux
with increasing membrane thickness was smaller
than that of water. The TCE selectivity should be
increased due to the behavior of the TCE and
water partial flux.

Porous Substrate

The dependence of the pore size of the porous
PTFE substrate on the separation of the TCE—
water mixture through the poly(BA-co-AA) (90 :
10, TGXDA 0.05) membrane is shown in Figure
13. The TCE concentration in the permeate solu-
tion decreased from 60.3 to 42.3 wt %, and the
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Figure 13 Pore size of porous PTFE substrate depen-
dence on the separation of TCE-water mixture through
poly(BA-co-AA) membrane. Each point represents the
mean of three determinations. Pervaporation condi-
tions: feed solution, 0.2 wt % TCE aq.; temperature,
25°C; downstream pressure, under 10 mmHg.

permeation rate increased from 0.883 X 1073 to
1.70 X 1073 gm m™ 2 h ™~ ! with increasing pore size
of the porous substrate. The permeation rate of
TCE increased slightly, whereas that of water
changed remarkably. The resistance of vapor per-
meation in the permeate side decreased with en-
largement of the pore size. The influence of the
hydrophobicity of the porous substrate on the wa-
ter should be decreased with increasing pore size.
Consequently, it is considered that the perme-
ation rate, especially that of water, increased, and
the TCE selectivity was decreased. The increase
in the porosity of the porous PTFE substrate with
increasing pore size should also contribute to the
increase in the permeation rate.
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Table I Effect of the Substrate on Separation of TCE-Water Mixture Through Poly(BA-co-AA) Membranes at 25°C

Pervaporation Data

Specification of Porous Substrate

HOSHI ET AL.

Permeation Rate

TCE
in Feed
(wt %)

(x10 3 gm

Thickness of
m2h™h BA-AA Layer (um)

ap (TCE/Water)

Thickness of
Substrate (um)

Porosity
(%)

Pore Size
(pum)

Substrate

61.4

2.23
1.27
1.45
2.12

708
552

0.195
0.199
0.197
0.206
0.202
0.195
0.195
0.195
0.201

25

45

0.075 X 0.25

1.0 (max)
0.7 (max)
0.8 (max)

0.

Porous PP

46.0

50
35
50
80
80
80
125

28
30
30

Porous PE-1
Porous PE-2
Porous PE-3

73.0

648
642

69.0

32.0

0.883
1.26
1.70
2.65
2.26

776
465
375

60-70
70-80
70-80

Porous PTFE-1 45
66

Porous PTFE-2
Porous PTFE-3

32.1

1.0
2.0

67.0

70.0

122
646

0.2

Cellulose acetate
Nonsubstrate

52.4

Each value represents the mean for three determinations. PP: polypropylene, PE: polyethylene, PTFE: polytetrafluoroethylene.

The separation of the TCE—water mixture with
the poly(BA-co-AA) (90 : 10, TGXDA 0.05) and the
various porous substrate composite membranes is
summarized in Table I. The specifications of the
porous substrate are also summarized. The obvi-
ous relationship between the permeation rate and
the specifications of the porous substrate was not
observed without the porous PTFE substrate.

The selectivity for TCE of the membranes us-
ing hydrophobic PP, PE, and PTFE substrates
and of the nonsubstrate membrane was higher
than that of the membrane using hydrophilic cel-
lulose acetate. It seems that concentration polar-
ization occurred on the surface of the feed side of
the membrane. For the hydrophobic substrate,
the TCE concentration on the surface of the feed
side should become higher than the TCE concen-
tration of the feed solution due to concentration
polarization.'®!* The concentration polarization
in the hydrophilic substrate should be lower than
that of the hydrophobic substrate. Therefore, it is
considered that the membrane selectivity for TCE
using the hydrophobic substrate was higher than
that of the membrane using the hydrophilic sub-
strate. For the nonsubstrate membrane, the con-
centration polarization is favorable for TCE be-
cause of the high affinity of the poly(BA-co-AA) for
TCE. The TCE selectivity of the nonsubstrate
membrane was therefore similar to that of the
membrane using the hydrophobic substrate mem-
branes.

Crosslinking Agent

The influence of the amount of the crosslinking
agent in the poly(BA-co-AA) on the separation of
the TCE-water mixture is shown in Figure 14.
The TCE concentration in the permeate solution
and the water partial flux were nearly constant.
The overall and TCE partial flux slightly changed
and showed a convex curve. In the case of a low
proportion of the crosslinking agent, the flexibil-
ity of the polymer chains was reduced by the
hydrogen bonding of the carboxyl group which did
not react with the crosslinking agent. With a high
proportion of the crosslinking agent, the flexibil-
ity was also reduced by the crosslinked struc-
ture.»?® The diffusion resistance became large in
the presence of low and high proportions of the
crosslinking agent. Therefore, it is considered
that the flux showed a convex curve. The molec-
ular size of water is smaller than that of TCE, and
the diffusion resistance of the water is also
smaller than that of TCE. Consequently, the TCE
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Figure 14 Influence of amount of crosslinking agent
on the separation of TCE—water mixture through poly
(BA-co-AA) membrane. Each point represents the
mean of three determinations. Pervaporation condi-
tions: feed solution, 0.2 wt % TCE aq.; temperature,
25°C; downstream pressure, under 10 mmHg.
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partial flux became slightly decreased at the low
and high crosslinking agent concentrations, and
the water partial flux was relatively constant.
The TCE in the permeate solution showed a slight
convex curve due to the behavior of the TCE and
the water partial flux.

The influence of the wvarious -crosslinking
agents on the separation and the sorption is sum-
marized in Table II. As a result of the pervapora-
tion and the sorption, a significant difference be-
tween each crosslinking agent was not observed.
It is considered that the influence of the crosslink-
ing agent on the diffusivity and the solubility was
very small. Therefore, little effect on the mem-
brane structure was observed when using each of
the crosslinking agents.

CONCLUSIONS

e The TCE permselectivity, the flux (total and
partial), the TCE concentration in the mem-
brane, and the degree of swelling decreased
with increasing AA or HEA content in the
copolymers.

The TCE permselectivity increased, and the
flux decreased with increasing membrane
thickness.

The water partial flux increased with the
magnification of the pore size of the sub-
strate, whereas the increase in the TCE par-
tial flux was smaller than that of the water.
Consequently, the TCE permselectivity de-
creased and the total flux increased.

A difference in the TCE permselectivity be-
tween the hydrophobic porous substrate and
the hydrophilic porous substrate was ob-

Table II Effect of the Various Crosslinking Agents on the Separation of TCE-Water Mixture

Through Poly(BA-co-AA) Membranes at 25°C

Pervaporation Sorption
TCE in
TCE in Immersed TCE in
Crosslinking Feed Solution ap Flux Thickness  Solution = Membrane ox
Agent (wt %) (TCE/Water) (gm 2h™1) (um) (wt %) (wt %) (TCE/Water)
TGXDA 0.202 708 36.3 61.4 0.200 68.8 1100
TMPTDI 0.207 692 42.0 494 0.202 73.9 1399
Al(acac), 0.201 682 40.2 55.4 0.203 72.7 1309

Each value represents the mean for three determinations.
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served. On the other hand, the difference for
the hydrophobic substrate was small.

e The TCE permselectivity, the total flux, and

the TCE partial flux showed a slight convex
curve with increasing crosslinking agent con-
tent.

e No influence of the structure of the crosslink-

ing agent on the permselectivity was observed.

NOMENCLATURE

A effective membrane area

C concentration

D diffusion coefficient

J flux per unit time and per unit area
K partition coefficient

l membrane thickness

p permeability coefficient

Q weight of permeate liquid

¢ measurement time

Wp dried membrane weight

Wy swollen membrane weight
ap separation factor

ag separation factor of partition

subscript i

component ¢

subscript j component j
subscript 1 quantities concerning the bulk feed
solution

subscript 2

subscript 3

quantities concerning the down-
stream side of the membrane

quantities concerning the mem-
brane interior
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