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ABSTRACT: Organic electrolytes with negatively charge-
able functional groups such as benzoic acid (BA, weak acid),
benzenesulfonic acid (BSA, strong acid), and p-aminoben-
zoic acid (p-ABA, ampholyte) were concentrated through
polyethylene (PE) films photografted with 2-(dimethylami-
no)ethyl methacrylate (DMAEMA) by electrotransport. The
permeabilities of DMAEMA-grafted PE (PE-g-PDMAEMA)
films to BA and BSA were considerably increased by the
application of direct current at pH 6. BA and BSA could be
selectively permeated from the respective binary BA/phe-
nyl-1,2-ethandiol (PhED, neutral) and BSA/PhED mixtures
by making use of the difference in their permeabilities. In
addition, BSA was selectively permeated from the binary
BSA/BA mixtures. The organic electrolytes mentioned
above were transported against their concentration gradient

toward the anode side and their degrees of concentration
went up to 90% by the continuous application of direct
current. The degrees of concentration for organic electrolytes
obtained by electrotransport in this study were slightly
higher than those obtained by the uphill transport using the
pH difference across the PE-g-PDMAEMA film, and the
concentration time was considerably shortened. It was made
clear that the electrotransport through the PE-g-PDMAEMA
films is one of the effective techniques to selectively separate
or concentrate organic electrolytes with negatively charge-
able functional groups. © 2003 Wiley Periodicals, Inc. ] Appl
Polym Sci 89: 25352544, 2003
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INTRODUCTION

Membrane-separation techniques recently have at-
tracted interest in various fields such as energy saving,
resources recovery, and environmental preservation.
Synthesized polymer membranes have been devel-
oped in many studies, mainly for the separation of
metal or halogen ions in solution systems by electro-
transport,' pH difference across the polymer mem-
brane,* ® and adsorption processes.”” However, the
separation and concentration of organic ions have not
been given much consideration during the develop-
ment of synthesized polymer membranes. In addition,
most of these membranes are highly crosslinked to
improve their mechanical stability and to avoid exces-
sive water swelling, and the increased crosslinking
generally causes a decrease in the membrane perme-
abilities. A variation in the “mesh” size of a cross-
linked polymer membrane is considered to have an
influence on the permeability of organic ions with
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relatively high molecular weights. Therefore, the ad-
justment of the degree of crosslinking and the chain
length of the crosslinking agent is important in im-
proving the membrane permeabilities because loosen-
ing the network would yield increased permeability to
organic ions.

Because a graft copolymer consists of a long se-
quence of one monomer referred to as a backbone,
with branches of a long sequence of another mono-
mer, compatibilization of a pair of polymers with dif-
ferent characteristics can be achieved without any
crosslinking agents. The hydrophobic polymer sub-
strates such as polyethylene (PE),'°™'® polypropylene
(PP),"”"'* and polytetrafluoroethylene (PTFE)**~*° can
be modified by various grafting techniques using UV
radiation, 1161720 ©0Co y-rays, 121182224 plagma, 13192125
or corona discharge'* as an energy source. Their sur-
face properties such as wettability, adhesivity, and
autohesivity were highly modified by the graftings of
various hydrophilic monomers,'%!2°72% and modified
surface properties would be durably preserved. The
grafted PE films, prepared by the photografting of
hydrophilic, ionic, or reactive monomers throughout
the bulk of the PE films used in place of the PE plates,
were applied to various functional membranes.”°
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The grafted PE films possess reasonable mechanical
properties in the water-swollen state. In addition, one
end of each grafted polymer chain is covalently
bonded to the substrate polymer chains and the other
end is usually not placed under restraint. Therefore,
grafted polymer chains possess considerable mobility
in a good solvent. For the PE films grafted with ionic
monomers, positively or negatively ionizable func-
tional groups successively affixed to the grafted poly-
mer chains can function as a fixed carrier to transport
ionic species across the grafted PE films, and the per-
meabilities of the grafted PE films can be controlled in
response to a change in the pH value,* temperature,*
or electrical field.**”!

Mechanical strength is also one of the important
factors in the practical use of the grafted PE films as
the functional membranes. The PE films grafted with
methacrylic acid (MAA) and 2-(dimethylamino)ethyl
methacrylate (DMAEMA) (PE-g-PMAA and PE-g-
PDMAEMA) possess practical strength in the water-
swollen state.”> Membrane properties such as electri-
cal conductivity, water adsorptivity, and mechanical
strength in the swollen state for the PE-g-PMAA and
PE-g-PDMAEMA films were described in detail in our
previous study.”” Negatively chargeable organic elec-
trolytes such as benzoic acid (BA), benzenesulfonic
acid (BSA), and p-aminobenzoic acid (p-ABA) were
transported uphill by the use of the pH difference
across the PE-g-PDMAEMA films against their con-
centration gradients.’® Although the concentrations of
these organic electrolytes were increased by 1.7-1.8
times their initial concentrations, it took 100-150 h to
concentrate them. We have aimed at decreasing the
time required for organic electrolytes to be concen-
trated and further increasing the degree of concentra-
tion by electrotransport.**

In this study, we discuss the electropermeabilities of
the PE-g-PDMAEMA films to BA, BSA, and p-ABA
and their selective separation and concentration by
electrotransport.

EXPERIMENTAL
Photografting

A PE film (thickness, 30 um; density, 0.924 g/cm?)
supplied from Tamapoly Co. Ltd. (Japan) was used as
a polymer substrate. The photografting was carried
out in the manner described in our previous stud-
ies.”?? The PE films (60 X 30 mm) were dipped in an
acetone solution containing benzophenone (BP) as a
sensitizer (0.0275 mol/dm?) for 1 min to coat their
surfaces with BP. DMAEMA monomer was pho-
tografted onto the PE films by applying UV rays emit-
ted from a 400-W high-pressure mercury lamp to an
aqueous DMAEMA monomer solution in which the
BP-coated PE films were immersed in Pyrex glass
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TABLE I
Spectrophotometric Determination of the Amounts of
Permeated Phenyl Compounds for the Simple Systems

Wavelength log €

Compound (nm) (dm®,/mol ' /em™)
BA weak acidic 219 3.850
BSA strong acidic 219 3.750
PhAN  weak basic 212 3.807
p-ABA ampholytic 216.5 3.899
PhED neutral 205 3.883

tubes at 60°C.*** Before the photografting, the pH
value of an aqueous DMAEMA monomer solution
was adjusted to 8.0 with concentrated HCI to increase
the solubility of PDMAEMA in water.”®> The amount
of grafted DMAEMA was calculated from the weight
increase of the samples in mmol/g-PE-film after the
photografting.*>>

Permeation control in response to direct current

Two platinum mesh electrodes and the PE-g-PDMAEMA
films swollen in NH,Cl/HCI or NH,Cl/NaOH buffer
solutions of the pH values ranging from 4 to 10 were
arranged in order of one platinum electrode, the PE-
$-PDMAEMA film, and the other platinum electrode
between the permeation cells.?*?%** Buffer solution
(100 cm®) containing the organic electrolytes such as
BA, BSA, and p-ABA at the concentration of 2.0 mM
was put in one side of the cell (feed side) and 100 cm?
of the buffer solution was put in the other side of the
cell (permeate side). Then, direct current was alter-
nately turned on and off with moderate stirring. Dur-
ing the application of the direct current, 0.5-2M HCl
or NaOH was added to the feed and permeate solu-
tions to keep their initial pH values. The amounts of
permeated organic compounds were determined by
measuring the absorbances of the aliquots taken from
the permeate solutions at regular time intervals at the
wavelengths shown in Table I, and then each aliquot
was immediately returned to the permeate solutions.

Selective permeation by electrotransport

The binary mixtures of BA/phenyl-1,2-ethanediol
(PhED, neutral), BSA/PhED, and BA/BSA in the
buffer solutions of different pH values were put in one
side of the cell and 100 cm® of the buffer solution in the
other side of the cell, and then a 10-mA direct current
was continuously applied with moderate stirring. The
amounts of two phenyl compounds, designating one
phenyl compound as A and the other as B, permeated
from the binary mixtures through the PE-¢-PDMAEMA
films were determined by measuring the absorbances
of the aliquots taken from the permeate solutions at
two different wavelengths, A, and A,, as shown in
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TABLE II
Spectrophotometric Determination of the Amounts of Permeated Phenyl Compounds for the Binary Systems
M log &, Ay log &,
Binary Compound (nm) (dm3/mol~/em™1) (nm) (dm3/mol~1/em™1)

BA 3.769 3.876

BA/PRED < iy 212 3.769 219 3.101
BSA 3.864 3.676

BSA/PhED < PhED 209 3.864 220 2.855
BA 3.864 4.028

paspsa < gy 218 3.864 229 1.959

Table II. The absorbances, Abs, and Abs,, were mea-
sured at one wavelength A, at which the molar absorp-
tion coefficients of phenyl compounds A and B were
equal (e5; = €p;) and at the other wavelength A, at
which their molar absorption coefficients were quite
different (€5, # €g,).”**° Each permeated amount of
phenyl compounds A and B was calculated using eqgs.
(1) and (2):

AbSZ = CASAZL + CBsAzL
=Cpeml + (Cayp — Cphlepl (1)

Carg=Cat+ Gy (2)

where C denotes the molar concentration of the phe-
nyl compounds, and L is the cell length (1 cm). In
addition, the separation factor was calculated using

eq. (3):
Separation factor = (Y,/Y3)/(Xa/X5) (3)

where X and Y denote the molar fractions of the
phenyl compounds in the feed and permeate solu-
tions, respectively.

Concentration by electrotransport

The PE-g-PDMAEMA films swollen in water sand-
wiched between two platinum mesh electrodes were
laid out in the middle of the two chambers of the cell.
An aqueous solution (100 cm®) of BA, BSA, or p-ABA
at 10 mM was put in both chambers of the cell, and
then direct current was continuously applied. The mo-
lar concentration of organic electrolytes was spectro-
photometrically determined at regular intervals at the
wavelengths shown in Table I after appropriate dilu-
tion of the aliquots taken from the solutions in the
anode and cathode sides with distilled water. The
bubbles generated near the electrodes were removed
to retain the direct current value during the applica-
tion of the direct current. The degrees of concentration
for the organic electrolytes used were calculated from
their maximum molar concentration C,,,, and the ini-
tial molar concentration Cy,,, using eq. (4):

Cmax - Cint
—max 100 (4)

Degree of concentration (%) = c
int

RESULTS AND DISCUSSION
Permeability of anionic organic electrolytes

The permeabilities to BA and BSA were estimated for
a PE-g-PDMAEMA film of the grafted amount of 7.5
mmol/g-PE film during application of the direct cur-
rent, given that the BA and BSA permeabilities
showed the maximum values at about 7-8 mmol/
¢-PE film.*® Figure 1 shows the BA and BSA perme-
abilities of the PE-g-PDMAEMA film when the direct
current of 5 mA was alternately turned on and off at
pH 6. BA and BSA were slightly permeated because of
the concentration gradient across the PE-g-PDMAEMA
film even without the application of direct current.
When direct current was applied under the conditions
where the platinum mesh electrode in the permeate
side was used as the anode, the BA and BSA perme-
abilities sharply increased, as shown in Figure 1(a)
and (b). In addition, the on-off regulations of BA and
BSA permeation were observed by turning the direct
current on and off. To the contrary, when the platinum
mesh electrode in the permeate side was set as the
cathode, the BA and BSA permeabilities were de-
pressed, as shown in Figure 1(c) and (d). These results
indicate that the increased permeabilities of BA and
BSA were caused by the migration of benzoate and
benzenesulfonate anions toward the permeate (anode)
side in addition to the concentration gradient. The
permeability of PhED as a neutral phenyl compound
was also investigated during the application of direct
current. Here, the platinum mesh electrode in the
permeate side was used as the anode. Figure 2 shows
the PhED permeability at pH 6 on alternately turning
on and off the direct current of 10 mA. The PhED
permeability slightly increased by turning on the di-
rect current. Because the PhED molecules receive no
electrostatic interaction, the slight increase in the
PhED permeability would be caused by the enlarge-
ment of the pore sizes attributed to the orientation of
grafted PDMAEMA chains with positively charged
dimethylamino groups toward the cathode in the feed
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Figure 1 Reversible permeation of BA (a and c¢) and BSA (b and d) through a PE-g-PDMAEMA film of 7.5 mmol/g in a
NH,Cl/NaOH buffer of pH 6.0 by repeatedly turning on and off the direct current between 0 (O) and 5 (@) mA. (a), (b): the
platinum mesh electrode in the permeate side was used as the anode. (c), (d): the platinum mesh electrode in the permeate

side was used as the cathode.

solution. On the basis of the results of the colloid
titration of an aqueous PDMAEMA solution with an
aqueous potassium poly(vinyl alcohol)sulfate (KPVS)
solution, about 50% of dimethylamino groups affixed
to the PDMAEMA are protonated at pH 6.**

This behavior also exerts a favorable influence on
the increase in the permeation of BA and BSA during
the application of direct current. In addition, the BA
and BSA permeabilities were examined in the buffer
solutions of different pH values. Figure 3 shows the
variations in the BA and BSA permeabilities with the
pH value. The BA and BSA permeabilities had maxi-
mum values at pH 6. This result can be explained in

20

Amount of permeated PhED (umol)

04 1 1 1
0 1 2 3 4 5

Time (h)

Figure 2 Reversible permeation of PhED through a PE-g-
PDMAEMA film of 7.5 mmol/g in a NH,Cl/NaOH buffer of
pH 6.0 by repeatedly turning on and off the direct current
between 0 (O) and 10 (@) mA. The platinum mesh electrode
in the permeate side was used as the anode.

terms of the visocometric behavior of an aqueous
PDMAEMA solution (ionic strength = 0.01M, NaCl)
and the protonation of dimethylamino groups affixed
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Figure 3 Variations in the permeation flux of (a) BA and (b)
BSA with the pH value of the buffer solution for a PE-g-
PDMAEMA film of 7.5 mmol/g at the applied direct current
of 0 (O) and 5 (@) mA.
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Figure 4 Effects of the feed composition on the separation
factor for the permseparation of BA from the BA/PhED (O)
and BSA from the BSA/PhED (@) mixtures at the total
concentration of 2.0 mM on applying the direct current of 10
mA for a PE-g-PDMAEMA film of 7.5 mmol/g in a buffer
solution of pH 6.0.

to PDMAEMA as a function of the pH value.”** The
maximum value of the reduced viscosity of PDMAEMA
was observed at pH 6. The decrease in the BA perme-
ability in the pH range below 6 is considered to be the
result of the contraction of grafted PDMAEMA chains
in addition to the decrease in the dissociation of car-
boxyl groups of BA molecules.”” The degree of disso-
ciation of 83% for BSA as a strong organic acid deter-
mined from the pH = 2.78 for an aqueous BSA solu-
tion of 10 mM was regarded as being kept constant as
a function of the pH value. Therefore, in the pH range
below 6 the permeation of BSA gradually increased
with an increase in the pH value. The decrease in the
BA and BSA permeabilities in a higher pH region
would be attributable to the decrease in the degree of
protonation of dimethylamino groups affixed to the
grafted PDMAEMA chains® because the degree of
dissociation for BA calculated from the pK, value of
4.20 increased to over 99% at pH 7 and the dissociation
behavior of BSA was independent of the pH value.

Selective permeation by electrotransport

The permselectivities of the PE-g-PDMAEMA film by
electrotransport were followed up in the binary BA/
PhED and BSA /PhED mixture systems at pH 6 by the
differences in the permeabilities between two phenyl
compounds during the application of direct current, as
shown in Figures 2 and 3. In both binary mixture
systems, the organic electrolytes were selectively per-
meated through the PE-¢g-PDMAEMA film irrespec-
tive of the chemical compositions of the feed solutions.
Figure 4 shows the effect of the feed composition of
BA and BSA on the separation factor. The molar frac-
tion of BA or BSA in the permeate solutions became
higher than those in the feed solutions and the perme-
ate solutions enriched with BA or BSA were obtained
even from the feed solutions with low molar fractions
of BA and BSA. The high permselectivities to benzoate
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and benzenesulfonate anions were attributed to their
migration toward the anode and the electrostatic at-
traction between organic anions and grafted PDMAEMA
chains with protonated dimethylamino groups. The
permselectivity to BSA in the BSA /PhED mixture sys-
tem was slightly higher than that to BA in the BA/
PhED mixture system because most of the BSA mole-
cules as a strong organic acid would dissociate into the
anions (degree of dissociation = 83%).

In addition, the permselectivity was examined in
the binary equimolar BSA/BA mixture system at dif-
ferent pH values. Because the permeability to BSA is
higher than that to BA in the pH range below 6, as
seen from Figure 3, BSA is expected to be selectively
permeated through the PE-¢g-PDMAEMA film from
the binary BSA/BA mixtures. Figure 5 shows the
change in the separation factor with the pH value for
the binary BSA/BA mixture system. BSA was selec-
tively permeated through the PE-g-PDMAEMA film
and the separation factor increased with a decrease in
the pH value. The increase in the separation factor for
the binary BSA/BA mixture systems arises from the
decrease in the dissociation of BA with a decrease in
the pH value, and selective permeation of BSA by
electrotransport is caused by the difference in the de-
gree of dissociation between BA and BSA.

Concentration of BA and BSA by electrotransport

The concentration of BA and BSA by electrotransport
was investigated for the PE-g-PDMAEMA films. An
aqueous solution of BA or BSA of 10 mM was put into
both chambers of the cell, and then a 10-mA direct
current was continuously applied. Figures 6 and 7
show the changes in the molar concentration and the
pH value in the anode and cathode sides with the time
for the concentration of BA and BSA by electrotrans-
port, respectively. The concentrations of BA and BSA
increased with time in the anode side because benzoate
and benzenesulfonate anions migrated toward the an-

Separation factor

0 1 1 1 1
1 2 3 4 5 6

Initial pH value

Figure 5 Effect of the initial pH value on separation factor
for the permseparation of BSA from the BSA /BA mixtures at
the total concentration of 2.0 mM on applying the direct
current of 10 mA for a PE-¢-PDMAEMA film of 7.5 mmol/g.
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Figure 6 Changes in the concentration of BA and the pH
values in the anode (@) and cathode (O) sides with the time
on the continuous application of the direct current of 10 mA
in an aqueous BA solution using a PE-g-PDMAEMA film of
7.5 mmol/g.

ode in the permeate side through the PE-¢-PDMAEMA
film. After the continuous application of direct current
for 6 and 4 h, the degrees of concentration for BA and
BSA obtained from eq. (4) were 90 and 95%, respec-
tively. The degree of concentration of about 80% re-
mained even at 25 h after the application of direct
current was stopped. The time required for BSA to be
concentrated (referred to as the concentration time
below) was shorter than that for BA. Because most of
the BSA molecules exist in the anionic form in water
medium, BSA is more effectively transported than BA
toward the anode side.*” It took 100 and 150 h for BA
and BSA to be concentrated by 1.8 to 1.9 times their
initial concentrations by uphill transport using the pH
difference across the PE-¢-PDMAEMA film, respec-
tively.! The concentration time was reduced by as
much as one twenty-fifth and the degree of concentra-
tion further increased by electrotransport used instead
of the pH difference across the PE-g-PDMAEMA film.

The pH values in the anode sides slightly decreased as
a result of an increase in the molar concentrations of BA
and BSA. On the other hand, the pH values in the
cathode sides sharply increased, probably because of
water splitting. During the application of direct current,
the concentration gradient is formed in the vicinity of the
cathode medium contacting the membrane interface be-
cause of a large difference between the mobilities of
organic ions in the solutions and in the membrane
phase.*”?® In addition, under severe conditions of con-
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centration polarization, the ion concentration at the
membrane interface tends to a zero value. Therefore,
water splitting occurs and the pH value of the solution
changes significantly.”” When the direct current was ap-
plied to an aqueous solution of PhED at 10 mM, the pH
values in the anode and cathode sides changed without
the change in the PhED concentration. This result sup-
ports the occurrence of water splitting.

The dependencies of the degree of concentration of
BA by electrotransport and the concentration time on
the grafted amount were assessed for PE-g-PDMAEMA
films with the grafted amounts ranging from 1 to 15
mmol/g at the initial BA concentration of 10 mM.
Figure 8 shows the variations in the degree of concen-
tration of BA and the concentration time with the
grafted amount. In the range of the grafted amounts
below 5 mmol/g, it took a considerably longer time
for BA anions to be concentrated because the un-
grafted layers remained in the insides of the PE-g-
PDMAEMA films. The degree of concentration passed
the maximum value around 7.5 mmol/g, and then
decreased with an increase in the grafted amount. The
PE films are made hydrophilic by the photografting of
DMAEMA, and the amount of dimethylamino groups
increases with the grafted amount. Therefore, the de-
gree of concentration of BA increases and the concen-
tration time decreases with an increase in the grafted
amount. However, a further increase in the grafted
amount results in an increase of the total thickness of

The direct current turned off

Molar concentration of BSA (mmol/dm?)

0 2 4 6 8 10 1220 25 30
Time (h)

Figure 7 Changes in the concentration of BSA and the pH
values in the anode (@) and cathode (O) sides with the time
on the continuous application of the direct current of 10 mA
in an aqueous BA solution using a PE-g-PDMAEMA film of
7.5 mmol/g.
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Figure 8 Variations in (a) the degree of concentration of BA
and (b) the time required to reach the maximum concentra-
tion (concentration time) with the grafted amount of PE-g-
PDMAEMA films at the initial BA concentration of 10 mM.

the PE-g-PDMAEMA film, and so the BA permeabili-
ties decrease. Because the increase in the thickness of
the PE-g-PDMAEMA films depresses the electroper-
meation of BA anions mainly as a result of membrane
resistance, the concentration time is considered to in-
crease with an increase in the grafted amount. In
addition, the dependency of the degree of concentra-
tion and concentration time on the initial BA concen-
tration and applied direct current value were followed
up for a PE-g-PDMAEMA film of 7.5 mmol/g. Figures 9
and 10 show the changes in the degree of concentration
and concentration time with the initial BA concentration
and applied direct current value, respectively. Although
the concentration time increased with an increase in the
initial BA concentration, the degree of concentration for
BA was 88 to 90%. The concentration time was consid-
erably decreased and the degree of concentration grad-
ually increased with an increase in the applied direct
current in an aqueous BA solution of 10 mM. These
results suggest that an increase in the applied direct
current leads to an increase in the rate of migration of
benzoate anions through the PE-g-PDMAEMA film per
the unit time and an increase in the total amount of BA
anions migrated into the permeate side during the ap-
plication of the direct current.

Concentration of p-ABA

The pH dependency of the concentration of an am-
pholytic organic compound, p-ABA, by electrotrans-
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Figure 9 Changes in the degree of concentration of BA and
the concentration time with the initial BA concentration at
the applied direct current of 10 mA for a PE-g-PDMAEMA
film of 7.5 mmol/g.

port was investigated for a PE-g-PDMAEMA film of
7.5 mmol/g in the aqueous p-ABA solutions of 10 mM
with different pH values. Figures 11 and 12 show the
changes in the molar concentration of p-ABA and pH
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Figure 10 Changes in the degree of concentration and the
concentration time with the applied direct current at the
initial BA concentration of 10 mM for a PE-g-PDMAEMA
film of 7.5 mmol/g.



2542

(a) pH1.5 (b) pH 2.0

YAMADA ET AL.

(c)pH 3.0

[ 3
<

—

w
T
T

Molar concentration
of p~ABA (mmol/dm3)
w5
| g
1
T )

=

pH

e

—

1.0 Time (h) 0.10

CI~ (mmol/dm?)
S o
g

Time (h)

0.08

»

0.06
0.04

CI~ (mmol/dm3)

0.02

0 1
0 5 10
Time (h)

Figure 11 Changes in the concentration of p-ABA, the pH values, and concentration of Na* or Cl~ ions in the anode
(shaded) and cathode (open) sides with the time for a PE-g-PDMAEMA film of 7.5 mmol/g at the applied direct current of
10 mA in the aqueous p-ABA solutions of 10 mM at the initial pH values of (a) 1.5, (b), 2.0, and (c) 3.0.

value in the anode and cathode sides with the time at
different initial pH values. At the initial pH value
adjusted to 1.5 with HCI, the p-ABA concentration
changed only slightly, and CI™ ions electrically mi-
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Figure 12 Changes in the concentration of p-ABA, the pH
values, and concentration of Na™ or Cl~ ions in the anode
(shaded) and cathode (open) sides with the time for a PE-g-
PDMAEMA film of 7.5 mmol/g at the applied direct current
of 10 mA in the aqueous p-ABA solutions of 10 mM at the
initial pH values of (d) 3.65, (e), 4.5, and (f) 6.0.

grated into the anode side with the time. At the initial
pH value of 2.0, the p-ABA concentrations in both
sides were left constant within the starting 5 h after the
application of direct current, probably because of the
electrical repulsion between p-ABA anions and pro-
tonated dimethylamino groups affixed to the grafted
PDMAEMA chains. However, p-aminobenzoate an-
ions were permeated into the cathode side by electro-
transport through the PE-g-PDMAEMA film, when
the pH value in the cathode increased to about 3. This
comes from a gradual increase in the dissociation of
carboxyl groups for p-ABA molecule with an increase
in the pH value (pK, = 2.41, pK, = 4.85).* When the
initial pH value increased to 3.0, the concentration
time was significantly decreased mainly as a result of
the increase in the degree of dissociation of carboxyl
groups for p-ABA and the decrease in the amount of
HCI added to adjust the initial pH value. Because the
initial pH value was higher in the pH range between
1.5 and 3.65, p-ABA was concentrated in the anode
side in a shorter time. The pH value in the cathode
side sharply increased probably because of water
splitting, when the molar concentration of p-ABA be-
came considerably low. The molar concentration of
p-ABA in the anode side reached the maximum value
by the continuous application of direct current for
about 5 h at the initial pH value of 3.65 (without
adding any HCl and NaOH). The addition of NaOH to
an aqueous p-ABA solution resulted in the decrease in
the electrical migration of p-aminobenzoate anions



ELECTROTRANSPORT OF ORGANIC ELECTROLYTES

100

o9

80

40 -

20

Degree of concentration (%)

Concentration time (h)

Initial pH value

Figure 13 Variations in (a) the degree of concentration and
(b) the concentration time with the initial pH value at the
p-ABA concentration of 10 mM for a PE-g-PDMAEMA film
of 7.5 mmol/g.

into the anode side and at the same time Na" ions
effectively migrated into the cathode side. In addition,
the decrease in the degree of the protonation of dim-
ethylamino groups affixed to the grafted PDMAEMA
chains is one of the factors leading to a decrease in the
electrical migration of p-ABA anions.

Figure 13 shows the variation in the degree of con-
centration of p-ABA and the concentration time with
the initial pH value. The degree of concentration
passed the maximum value of 94% at the initial pH
value of 3.65. It can be seen that p-ABA as an organic
ampholyte can also be highly concentrated by electro-
transport. As the initial pH value increased from 3.65
to 6.0, the degree of concentration of p-ABA sharply
decreased. This indicates that negatively chargeable
organic electrolytes can be concentrated by electro-
transport using a PE-g-PDMAEMA film. The addition
of HCI or NaOH to adjust the pH value of an aqueous
p-ABA solution resulted in a decrease in the degree of
concentration of p-ABA. In particular, the addition of
NaOH caused a considerable decrease in the degree of
concentration of p-ABA. This result confirms that the
protonation of dimethylamino groups affixed to the
grafted PDMAEMA chains is one of the important
factors for p-ABA to be concentrated.

CONCLUSIONS

We pursued the concentration and selective separa-
tion of organic electrolytes by electrotransport using
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PE-g-PDMAEMA films. From the experimental results
above, we can conclude the following: in case the
platinum mesh electrode in the permeate side was
used as the anode, the on-off regulations of perme-
ation of organic electrolytes such as BA and BSA were
observed by alternately turning on and off the direct
current. The organic electrolytes with higher perme-
ability can be selectively permeated from the binary
mixture systems such as BA/PhED, BSA/PhED, and
BSA/BA by making use of the difference in their
permeabilities. For a PE-g-PDMAEMA film of 7.5
mmol/g, the degrees of concentration for BA and BSA
have the maximum values and each concentration
time is the shortest. p-ABA in addition to BA and BSA
can be more highly concentrated at a shorter time
through electrotransport than through the uphill
transport using the pH difference across the PE-g-
PDMAEMA film.

It has been made apparent from the obtained results
that electrotransport using the PE-g-PDMAEMA films
is one of the effective techniques to selectively sepa-
rate or concentrate organic electrolytes with nega-
tively chargeable functional groups and this technique
can be expected to be applied for recovery and reuse
of organic electrolytes.
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