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Abstract: The selective separation of organic electrolytes by neutralization dialysis was investigated with two kinds of grafted
polyethylene (PE) films prepared through the photografting of 2-(dimethylamino) ethyl methacrylate (DMAEMA) onto the PE
films and the subsequent quaternization and through the photografting of glycidyl methacrylate (GMA) and the subsequent
sulfonation. The permeation flux of benzoic acid (BA) for the quarternized DMAEMA-grafted PE (PE-g-QPDMAEMA) films
increased with an increase in the degree of quaternization, and the BA permeability had the maximum at the initial pH value of
the permeate solution of 12.0. On the other hand, the sulfonation offered the phenylalaninol (Phl) permeability of the
GMA-grafted PE (PE-g-PGMA) films. The selective separation for the binary BA/Phl or 2,5-dichlorobenzoic acid/Phl systems
was successfully achieved by use of a pH difference between the feed and permeate solutions through the PE-g-QPDMAEMA
and sulfonated PE-g-PGMA (PE-g-SPGMA) films. The maximum selective separation was obtained under the conditions that
the initial pH values of the permeate solutions through the PE-g-QPDMAEMA and PE-g-SPGMA films were adjusted to 12.0
and 2.0, respectively. This procedure will be applied to separation and concentration of organic electrolytes and water
purification.
Keywords: Polyethylene, Photografting, 2-(dimethylamino) ethyl Methacrylate, Glycidyl Methacrylate,
Neutralization Dialysis, Selective Separation

1. Introduction
A variety of synthesized polymer membranes are involved
in membrane-separation processes, such as energy saving,
resources recovery [1], and environmental preservation
mainly for removal of metal or inorganic ions such as K+, Ca2+,
Mg2+, NO3, and SO42 [2-4] and organic electrolytes [5-8] and
for desalination [9-12]. Most of these membranes are highly
crosslinked in order to increase their mechanical stability and
avoid excessive water swelling. However, since the increased
closslinking may cause a decrease in the membrane
permeability of organic ions with relatively high molecular
weights, either the degree of crosslinking or the chain length
of the crosslinking agent used is frequently adjusted in
improving the membrane permeability [13].
On the other hand, a graft copolymer consists of a long
sequence of monomer referred to as a backbone with branches

of a long sequence of another monomer. Therefore,
compatibilization of a pair of polymers with quite different
characteristics can be achieved without any crosslinking
agents. Various grafted polyethylene (PE) films have been
prepared by the photografting of hydrophilic, ionic, or reactive
monomers and the resultant grafted PE films were applied to
membrane-separation processes in previous articles [14-20].
One end of each grafted polymer chain is covalently bonded to
the PE substrate and the other end is not placed under restraint.
Therefore, the membrane properties and permeation behavior
can successfully respond to the change in the external stimuli
such as the pH value [14], temperature [14], and electric field
[15]. In addition, positively or negatively ionizable functional
groups successively affixed to the grafted polymer chains can
work as a fixed carrier to transport ionic species across the
grafted PE films [18]. Here, since PE is insoluble in water and
most organic solvents at ambient temperatures, the PE films
photografted with ionic monomers such as methacrylic acid or
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2-(dimethylamino)
ethyl
methacrylate
(DMAEMA)
possessed practical strength in the water-swollen state [14].
Negatively chargeable organic electrolytes were transported
uphill by use of the pH difference [18] or through
electrotransport [13] through the DMAEMA-grafted PE
(PE-g-PDMAEMA) films.
We aimed at neutralization dialysis for the membrane
separation of organic electrolytes. Neutralization dialysis has
been mainly used for the selective separation of weakly
acidic and basic compounds [21-23]. In this study, the
application of the grafted PE films will be made to the
selective separation of organic electrolytes through
neutralization dialysis. The membranes for neutralization
dialysis were prepared by the two-step process, or the
photografting and functionalization. First, two different
reactive functional monomers, DMAEMA and glycidyl
methacrylate (GMA), were photografted onto the PE films
[18-20]. Subsequently, functionalization of these grafted PE
films, the quaternization of the PE-g-PDMAEMA films and
sulfonation of GMA-grafted PE (PE-g-PGMA) films, was
performed [24-28]. The permeability of the quaternized
PE-g-PDMAEMA (PE-g-QPDMAEMA) and sulfonated
PE-g-PGMA (PE-g-SPGMA) films to organic electrolytes
was investigated by varying the initial pH value of the
permeate solution, and then their selective permeation was
estimated by use of the three-component type permeation
cell.

2. Experimental
2.1. Materials
A PE film (thickness, 30 µm; density, 0.924 g/cm3) was
supplied from Tamapoly Co. Ltd., (Tokyo, Japan) and used as
a polymeric substrate for photografting. The PE films of 6 cm
in length and 3 cm in width were washed with methanol and
acetone, and then dried under reduced pressure. DMAEMA
and GMA were purchased from Tokyo Chemical Industry Co.
(Tokyo, Japan) and used without further purification. All other
reagents were analytical grade or higher.

2.2. Photografting
The photografting of DMAEMA and GMA onto the PE
films was performed in the same manner described in previous
articles [16-20]. An aqueous DMAEMA solution was
prepared at 1.0 M and the pH value was decreased to 8.0 with
conc. HCl in order to increase the solubility of PDMAEMA
[18, 19]. A GMA monomer solution was prepared at 1.0 M in
an aqueous 80 vol% ethanol solution because the solubility of
GMA is very low in water [20, 29]. The PE films were dipped
in a 50 cm3 acetone solution containing 0.25 g benzophenone
(BP) as a sensitizer, and then acetone was evaporated at room
temperature to coat their surfaces with BP. DMAEMA and
GMA were photografted onto the BP-coated PE films at 60°C
by applying UV rays emitted from a 400 W high-pressure
mercury lamp to the monomer solutions in which the PE films
were immersed. The resultant PE-g-PDMAEMA and
PE-g-PGMA films were washed with acetone for 24 h to
remove homopolymers formed, and then dried under reduced
pressure. The grafted amounts inmmol/g were calculated from
the weight increases of the PE films after photografting using eq.
(1):
Grafted amount ( mmol/g) =

( W g − W 0 ) / M M × 103
W0

(1)

where, Wg is the weight of a grafted PE film (g); W0, weight
of an ungrafted PE film, andmM, (g/mol) molar mass of the
monomer grafted (157.21 for DMAEMA and 142.15 for
GMA).
2.3. Functionalization of Grafted PE Film and Their
Membrane Properties
The quaternization of the PE-g-PDMAEMA films and
sulfonation of the PE-g-PGMA films were performed as
described below. The scheme of these reactions are illustrated
in Figure 1. The PE-g-PDMAEMA films were immersed in
dimethylsulfate ethanol solution at 60 wt% and the mixture
was refluxed with moderate stirring for 3 hr at 70°C [28].

Figure 1. Functionalization of the PDMAEMA-g-PE and PGMA-g-PE films.
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After the reaction, the PE-g-QPDMAEMA films were
washed with 1 M HCl and acetone. On the other hand, the
PE-g-PGMA films were immersed in an aqueous solution
containing sodium sulfate at 10 vol% and 2-propanol at 15
vol%, and the reaction solution was heated at 70°C for 24 hr
with moderate stirring [30]. After the reaction, the
PE-g-SPGMA films were washed with acetone. The degree of
functionalization (quaternization and sulfonation) was
calculated from the weight increase of the PE-g-PDMAEMA
and PE-g-PGMA films after the reaction. The amount of
absorbed water was calculated from the weight increase of the
PE-g-QPDMAEMA and PE-g-SPGMA films immersed in
distilled water for 24 hr at 25°C. In addition, the nwater value,
the number of water molecules assigned per monomer
segment, was calculated from the amounts of grafted amount
and of adsorbed water using eq. (3) in ref. 14.
2.4. XPS Analysis
The XPS high-resolution spectra of carbon (C1s), oxygen
(O1s), and sulfur (S2p) of PE-g-PDMAEMA and PE-g-PGMA
films before and after functionalization were recorded on a
Shimadzu ESCA-3400 spectrophotometer (Kyoto, Japan)
with MgKα (1253.6 eV) source operating at 8 kV and 20 mA
[31-33].
2.5. Permeation Control of Organic Electrolytes by the pH
Difference
The PE-g-QPDMAEMA or PE-g-SPGMA films swollen in
water were fixed to the two-component type permeation cell
[15, 18]. First, the pH dependence of permeation of benzoic
acid (BA, weak acid, pKa=4.2) and benzenesulfonic acid
(BSA, strong acid)
was investigated
for the
PE-g-QPDMAEMA films. An aqueous solution of BA (initial
pH=3.2) or BSA (initial pH=2.1) at 10mM (100 cm3) was put
in one cell (feed side). An aqueous solution of HCl or NaOH at
pH 2.0-12.0 (100 cm3) was put in the other side (permeate
side). Both solutions were mildly stirred at 25°C and the pH
values of both solutions and the amounts of permeated BA or
BSA were measured at the prescribed time intervals. The
aliquots of 0.5 cm3 were taken from the permeate solutions
and diluted to 10 cm3 with an aqueous HCl solution of pH 2.0.
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The amounts of permeated BA and BSA were calculated from
the absorbances at 229 nm for BA (log ε＝4.006 dm3/mol·cm)
and 212.5 nm for BSA (log ε ＝ 4.141 dm3/mol·cm),
respectively. The permeation flux (mmol/cm2·hr) was
calculated form the linear relationship of the permeated
amounts, Qs, with the permeation time, ∆t, using eq (2)
permeation flux (mmol / cm2 ⋅ hr ) =

QS
∆t ⋅ 3.14

(2)

where the quantity of 3.14 is the effective membrane area (cm2)
[34].
Phenylalaninol (Phl, pKb=6.2) as a weakly basic organic
electrolyte was used for investigating the permeability of the
PE-g-SPGMA films. The pH dependence of permeation of Phl
was estimated by the above-mentioned procedure (log ε
=3.918 dm3/mol·cm). In addition, the permeability of the
PE-g-QPDMAEMA and PE-g-SPGMA films was measured
as a function of the degree of functionalization and the grafted
amount.
2.6. Selective Separation of Organic Electrolytes
The selective separation was investigated for the BA/Phl
and 2,5-dichlorobenzoic acid (diClBA, pKa=0.96)/Phl
systems by use of the pH difference through the
PE-g-QPDMAEMA and PE-g-SPGMA films. The
PE-g-QPDMAEMA and PE-g-SPGMA films swollen in water
were fixed with a three-component type permeation cell. An
aqueous binary equimolar mixture solution of BA/Phl or
diClBA/Phl at 10mM was put in the central cell. An aqueous
NaOH solution at pH 12.0 was put in the permeation cell
across a PE-g-QPDMAEMA film and an aqueous HCl
solution at pH 2.0 was put in the permeation cell across a
PE-g-SPGMA film. Each solution was moderately stirred
during the permeation experiments. The amounts of two
organic electrolytes, designating one organic electrolyte as A
and the other as B, permeated through the PE-g-QPDMAEMA
and PE-g-SPGMA films from the binary feed solutions were
determined by measuring the absorbances of the aliquots
taken from the permeate solutions at two different
wavelengths, λ1 and λ2, as shown in Figure 2.

Figure 2. Spectrophotometric determination of the permeated amounts for binary BA/Phl and diClBA/Phl mixture systems.

The absorbances, Abs1 and Abs2, were measured at one
wavelength λ1 at which the molar absorption coefficient of
one organic electrolyte was the same as that of the other ( εA1
= εB1 ) and at the other wavelength λ2 at which their molar

absorption coefficients were quite different ( εA 2 ≠ εB2 ). The
amounts of permeated organic electrolytes were calculated
using eqs. (3) and (4) [13, 35].
Abs2 = CA εA 2 L + CB εB2 L = CA εA 2 L + (CA+B − CA) εB2 L

(3)
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Abs1 = CA + B ε A1 L = CA εA 2 L + (CA + CB) ε A1 L

(4)

where C denotes the molar concentration of the organic
electrolytes permeated, and L is the cell length (1 cm). In
addition, separation factor was calculated using eq. (5):
separation factor =

YA / Y B
XA / X B

(5)

where X and Y denote the molar fraction of the organic
electrolytes in the feed and permeate solutions, respectively
[35].
The aliquots of 0.5 cm3 taken from the permeate solutions
were diluted to 10 cm3 with an aqueous HCl solution at pH 2.0,
and the absorbances were measured at 215.2 and 229.0 nm for
the binary BA/Phl and diClBA/Phl systems. The
concentration of the organic electrolytes was measured in the
same manner described above.

3. Results and Discussion
3.1. Functionalization of PE-g-PDMAEMA and
PE-g-PGMA Films

The PE-g-PDMAEMA films were quaternized with
dimethylsulfate and the PE-g-PGMA films were sulfonated
with sodium sulfate. Figure 3 shows the changes in (a) the
degrees of quaternization for the PE-g-PDMAEMA films and
(b) the degree of sulfonation for the PE-g-PGMA films with
the grafted amount. The degree of quaternization decreased
with an increase in the amount of grafted DMAEMA at the
reaction time of 3 hr. Dimethylamino groups present in the
inside of the PE-g-PDMAEMA films were not subject to the
quaternization, although the PE-g-PDMAEMA films
possessed a relatively high water absorptivity. Therefore,
when the reaction time was prolonged to 5 hr at grafted
amounts higher than 8mmol/g, the degree of quaternization
further increased and went up to 70% at 10mmol/g.
Here, the PE-g-PDMAEMA films can receive some
damage at increased reaction times. In addition, since the
photografting of DMAEMA progressed into the inside of the
PE film at lower grafted amounts and the PE films were
considerably expanded compared with the photografting of
other hydrophilic monomers, such as methacrylic acid, acrylic
acid, and methacrylamide, the PE-g-PDMAEMA films
possessed higher water-absorptivity and a little lower strength
in the water-swollen state than the other grafted PE films [14].
Therefore, the quaternization of PE-g-PDMAEMA films was
carried out as brief a reaction time as possible. On the other
hand, the degree of sulfonation of 97-100% was obtained
irrespective of the grafted amount for the PE-g-PGMA films.
Since PGMA was a water-insoluble polymer, the PE-g-PGMA
had no solute permeability in the aqueous medium,
sulfonation was considered to play an important role in
conferring the water absorptivity and solute permeability to
the PE-g-PGMA films.
3.2. XPS Analysis of PE-g-QPDMAEMA and PE-g-SPGMA
Films

Figure 3. Changes in the degree of functionalization with the grafted amount
for (a) the PE-g-PDMAEMA and (b) PE-g-PGMA films. (a) reaction time
(hr)- ○: 3, ●: 5. (b) sulfonation of the PE-g-PGMA films with sodium sulfite
for 24 hr.

Figure 3 shows the typical XPS high-resolution spectra of
C1s, N1s, O1s, and S2p for (a) PE-g-PDMAEMA, (b)
PE-g-QPDMAEMA, (c) PE-PGMA, and (d) PE-g-SPGMA
films. The XPS high-resolution C1s spectrum for the
PE-g-PDMAEMA film showed a peak at 289 eV assigned to
-COO- [31] and a peak at 288 eV assigned to -CH2-N (CH3)2
and –N (CH3)2 groups in addition to a N1s peak at 400 eV.
After the quaternization, a new peak assigned to a quaternized
ammonium group appeared at 402 eV in the N1s spectrum. On
the other hand, for the PE-g-PGMA films, an overlapped peak
at 288 eV was enhanced and a new peak assigned to a
sulfonate group appeared at 169 eV in the high-resolution S2p
spectrum by the sulfonation. These results indicate that the
functionalization, that is
the quaternization
for
PE-g-PDMAEMA films and the sulfonation for PE-g-PGMA
films, was successfully performed.

International Journal of Materials Science and Applications 2018; 7(3): 95-105

99

Figure 4. The C1s, O1s, N1s, and S2p core level spectra of (a) an PE-g-PDMAEMA film, (b) PE-g-QPDMAEMA film with the degree of quaternization = 84%, (c)
PE-g-PGMA film, and (d) PE-g-SPGMA film with the degree of sulfonation =100%.

3.3. Membrane Properties of PE-g-QPDMAEMA and
PE-g-SPGMA Films
The water-absorptivity of the PE-g-QPDMAEMA and
PE-g-SPGMA films were estimated as a function of the degree
of functionalization. Figure 5 shows the changes in the amount
of absorbed water with the degree of functionalization for the
PE-g-QPDMAEMA film with the grafted amount of
7.5mmol/g and PE-g-SPGMA film with the grafted amount of
5.4mmol/g. The PE-g-PDMAEMA film possessed a relatively
high water-absorptivity and an increase in quaternization led
to a further increase in the water-absorptivity. Since the
photografting of DMAEMA progresses in the inside of the PE
films at lower grafted amounts, the PE film is subject to a little
more expansion by water uptake [14]. On the other hand,
sulfonation conferred the water absorptivity to the
PE-g-PGMA films, which had little water absorptivity, and the
amount of absorbed water linearly increased with an increase
in the degree of sulfonation.

Figure 6. Changes in the amount of absorbed water (○), nwater value (△),
and thickness in the swollen state (□) with the grafted amount for the (a)
PE-g-QPDMAEMA films with the degree of quaternization of 78-84% and (b)
PE-g-SPGMA films with the degree of sulfonation =100% at 25°C.

Figure 5. Changes in the amount of absorbed water with the degree of
functionalization for the PE-g-QPDMAEMA with the grafted amount of
7.5mmol/g (○) and PE-g-SPGMA films with the grafted amount of 5.4mmol/g
(△) films.

Figure 6 shows the changes in the amount of absorbed water,
nwater value, and membrane thickness in the swollen state
with the grafted amount for the PE-g-QPDMAEMA films
with the degree of quaternization of 78-84% and the
PE-g-SPGMA films with the degree of sulfonation of 100%.
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The water-absorptivity for the PE-g-QPDMAEMA and
PE-g-SPGMA films was higher than PE films grafted with
other hydrophilic monomers [17]. The membrane thickness in
the water-swollen state also increased with the grafted
amounts due to water uptake. The PE films expanded not only
due to the photografting of DMAEMA and GMA and but also
due to water uptake by the subsequent functionalizations. The
expansion of PE films indicates that the internal grafting
occurs simultaneously with the surface grafting for the
photografting of DMAEMA and GMA on the PE films [14,
17].
3.4. Permeability of PE-g-QPDMAEMA Films
The effects of the grafted amount, the degree of
quaternization, and the initial pH values of the feed and
permeate solutions on the BA and BSA permeation were
investigated for PE-g-QPDMAEMA films. Figure 6 shows the
variations in the permeation flux of BA and BSA with the
grafted amount at the initial pH value of the permeate solution
of 12.0 for the PE-g-QPDMAEMA films with the degree of
quaternization of 78-84%. The amounts of permeated BA and
BSA linearly increased against the permeation time, while the
pH values of the feed and permeate solutions remained almost
unchanged. The permeation flux of BA and BSA obtained
from the linear relationship of the permeated amounts against
the permeation time had the maximum values at the grafted
amount of 7.5mmol/g.

Figure 7. Variations in permeation flux of BA (○) and BSA (●) with the
grafted amount for the PE-g-QPDMAEMA films of the degree of
quaternization of 78-84% at the initial pH value of the permeate solution of
12.0.

Here, no permeability of BA and BSA was observed at
lower grafted amounts, since the ungrafted layer was left in
the center of the PE film. The previous article reported that
the ungrafted layer present the inside of the PE film
disappeared at 5mmol/g for the photografting of DMAEMA
[17]. On the other hand, the permeability to BA and BSA
sharply decreased at further increased grafted amounts. The
PE films became hydrophilic by the photografting of
DMAEMA onto the PE films and the subsequent
quaternization of the PE-g-PDMAREMA films. Therefore,

the water absorptivity increased over the degree of
quaternization as shown in Figure 5. A further increase in the
water absorptivity by these two kinds of modification
procedures had a favorable effect on the increase in
permeation of BA and BSA. In particular, the conversion of
weakly chargeable dimethylamino groups in strongly
chargeable trimethylammonium groups and the increase in
the amount of trimethylammonium groups effectively led to
the increase in the BA and BSA permeability as explained in
the next section. Here, the net amount of strongly basic
trimethylammonium groups increased with an increase in the
amount of grafted DMAEMA under the conditions that the
PE-g-QPDMAEMA films had a constant degree of
quaternization of 78-84%. It was found from a continuous
increase in the nwater value as shown in Figure 6 that the
water absorptivity increased over the grafted amount.
However, the thickness of the PE-g-QPDMAEMA films also
increased over the grafted amount in the water-swollen.
Since the increase in the membrane thickness results in the
increase in the membrane resistance, which would cause the
decrease in the permeability of the PE-g-QPDMAEMA films.
Since the permeation of BA and BSA through the
PE-g-QPDMAEMA films decreased with an increase in the
grafted amount in the range higher than 7.5mmol/g as shown
in Figure 7, in this range the increase in the membrane
thickness would be more highly influence on the membrane
permeation than the increase in the water adsorptivity.

Figure 8. Changes in permeation flux of BA (○, ●) and BSA (□, ■) with the
degree of quaternization for the PE-g-QPDMAEMA films with the grafted
amount of 6.0mmol/g at the initial pH values of the permeate solution of 3.2
(shaded) and 12.0 (open).

Figure 8 shows the change in the permeation flux of BA
and BSA with the degree of quaternization for
PE-g-QPDMAEMA films with the grafted amount of
6.1mmol/g. The initial pH values of the permeate solutions
were adjusted to either 3.2 corresponding to the pH value of
an aqueous BA solution at 10mM or 12.0. The permeation
flux of BA and BSA was little independent of the degree of
quaternization at the initial pH value of 3.2, and increased
with an increase in the degree of quaternization at the initial
pH value of 12.0. Since a dimethylamino group is a weakly
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chargeable functional group, a PDMAEMA chain carries no
positive charges at pH 12 [18]. Therefore, the permeability to
BA and BSA was low for PE-g-QPDMAEMA films with
lower degrees of quaternization. On the other hand, BA and
BSA anions can be ionically bonded to trimethylammonium
groups affixed to the quaternized grafted PDMAEMA chains.
BA and BSA anions can be released from the
PE-g-QPDMAEMA films due to ion-exchange with
hydroxyl ions present in the permeate solution [28, 35].
These results indicate that ionically attractive interaction of
BA or BSA anions with trimethylammonium groups affixed
to the quaternized grafted PDMAEMA chains more
successfully occurs due to an increase in the degree of
quaternization.
Figure 9 shows the permeation flux of BA and BSA with the
initial pH value of the permeate solution for a
PE-g-QPDMAEMA film with the grafted amount of
6.2mmol/g and the degree of quaternization of 86% and a
PE-g-PDMAEMA film with the grafted amount of 6.2mmol/g.
The BA and BSA permeabilities of the PE-g-QPDMAEMA
and PE-g-PDMAEMA films were considerably low in the
range of the initial pH values of 4.0 to 10.0. In these cases, the
pH values of each permeate solution sharply decreased from
the initial pH values to about 4 and the pH difference between
the
feed
and
permeate
solutions
across
the
PE-g-QPDMAEMA or PE-g-PDMAEMA films decreased in
a short time.
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The PE-g-QPDMAEMA and PE-g-PDMAEMA films had
relatively higher permeability to BA and BSA at the initial pH
value of 2.0 than at the initial pH values of 4.0-10.0. A
PDMAEMA chain has little positive charges in the pH range
higher than 10 as shown in Figure 1 in the ref. 13. Therefore,
the grafted PDMAEMA chains were contracted at pH 12.0,
and the BA and BSA permeabilities of the PE-g-PDMAEMA
film were lower than those of PE-g-QPDMAEMA films. On
the other hand, more BA and BSA anions ionically complexed
with trimethylammonium groups affixed to the grafted
PDMAEMA chains and released into the permeate side
through the ion exchange reaction with hydroxide ions at the
interface facing to a permeate solution [36, 37]. This behavior
supports that the quaternization play a favorable role in the
increase in the BA and BSA permeability. In addition, aqueous
HCl solutions of pH 2.0 containing NaCl of different
concentrations were put in the permeate side, and the BA
permeability was measured to discuss a high BA permeability
of the PE-g-QPDMAEMA film at pH 2.0. The permeation
flux of BA for the PE-g-QPDMAEMA film gradually
increased with an increase in the NaCl concentration from 11
at 0mM to 17mmol/cm2･hr at 50mM (data not shown). The
increase in the BA permeability is caused by contraction of
quaternized grafted PDMAEMA chains. From this result, one
of the reasons for the increase in the BA permeation at the
initial pH value of 2.0 would be due to the screening effect by
the addition of HCl. In addition, the isometrical contraction of
the PE-g-QPDMAEMA film fixed between the permeation
cells will also lead to an increase in the BA permeability [27,
38]. It was found from the above experimental results that the
PE-g-QPDMAEMA film had the maximum permeability to
BA and BSA at the initial pH value of the permeate solution of
12.0.
3.5. Permeability of PE-g-SPGMA Films

Figure 9. Variations in permeation flux of (a) BA (○, ●) and (b) BSA (□, ■)
with the initial pH value of the permeate solution for the PE-g-PDMAEMA
film with the grafted amount of 6.1mmol/g (●, ■) and PE-g-QPDMAEMA film
with the grafted amount of 6.2mmol/g and the degree of quaternization of 84%
(○,□) films.

The effects of the grafted amount, the degree of sulfonation,
and the initial pH value of the permeate solution on the Phl
permeation were investigated for the PE-g-SPGMA films.
Figure 9 shows the variation in permeation flux of Phl with the
grafted amount at the initial pH value of 2.0 for the
PE-g-SPGMA films with the degree of sulfonation of 100%.
Here, since the ungrafted layer was left in the center of the PE
film in the range of the grafted amounts lower than 4 mol/g,
the PE-g-SPGMA films had no Phl permeability [22]. The Phl
permeability increased with an increase in the amount of
grafted GMA and had the maximum value at 6.2mmol/g. For
PE-g-SPGMA films with a constant degree of sulfonation, the
increase in the grafted amount leads to the net amount of
sulfonic groups as well as the amount of absorbed water as
shown in Figure 5, indicating that sulfonation has a favorable
influence on the increase in the Phl permeability. However,
since the thickness of the PE-g-PGMA films increased over
the grafted amount by the photografting of GMA and
subsequent sulfonation. The increase in the thickness had a
positive influence on the Phl permeability of PE-g-SPGMA
films as is the case with PE-g-QPDMAEMA films.
Subsequently, the Phl permeability of the PE-g-SPGMA films
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on the degree of sulfonation was investigated at 6.2mmol/g.

permeated through the PE-g-SPGMA films to the permeate
solutions. The amount of permeated Phl gradually increased
against the permeation time due to the concentration
difference between the both solutions across the
PE-g-SPGMA films at the initial pH values of 10.0 and 12.0.
The PE-g-SPGMA film had a high permeability to Phl at the
initial pH value of 2.0. Phl cations complexed with sulfonic
groups appended to the sulfonated grafted PGMA chains are
considered to be released into the permeate solution by the
ionic exchange with hydrogen ions at the interface of the
PE-g-SPGMA film. The maximum Phl permeability was
obtained at the initial pH value of 2.0.

Figure 10. Variation in permeation flux of Phl with the grafted amount for the
PE-g-SPGMA films with the degree of sulfonation of 100% at the initial pH
value of the permeate solution of 2.0.

Figure 10 shows the change in the permeation flux of Phl
with the degree of sulfonation for the PE-g-SPGMA films
with the grafted amount of 6.2mmol/g at the initial pH value
of the permeate solution of 2.0. No Phl permeation was
observed through the PE-g-PGMA films because they had
little water absorptivity. Since sulfonation offered hydrophilic
properties to the PE-g-PGMA films, the Phl permeability
increased with an increase in the sulfonation. In addition, the
dependence of the Phl permeability on the initial pH value of
the permeate solution was investigated for a PE-g-PSGMA
film with the degree of sulfonation of 100%.

Figure 12. Variation in permeation flux of Phl with the initial pH value of the
permeate solution for the PE-g-SPGMA films with the grafted amount of
6.2mmol/g and the degree of sulfonation of 100%.

3.6. Selective Permeation of Organic Electrolytes

Figure 11. Change in permeation flux of Phl with the degree of sulfonation for
the PE-g-SPGMA films with the grafted amount of 6.2mmol/g at the initial pH
values of the permeate solution of 2.0.

Figure 12 shows the variation in permeation flux of Phl with
the initial pH value of the permeate solution for the
PE-g-SPGMA film. Since the pH value of the permeate
solution sharply increased to reach about 8.5 in the initial pH
range between 4.0 and 8.0, the Phl permeability was
considerably low. Here, the increase in the pH value of the
permeate solution indicates that hydroxide ions sucessfully

On the basis of the above-mentioned results, the selective
separation was investigated for the BA/Phl system by using a
PE-g-QPDMAEMA film with the grafted amount of
7.5mmol/g and the degree of quaternization of 86% and a
PE-g-SPGMA film with the grafted amount of 6.2mmol/g and
the degree of sulfonation of 100% in the three-component type
permeation cell.
The pH values of the permeate solutions through the
PE-g-QPDMAEMA and PE-g-SPGMA films were adjusted to
12.0 and 2.0, respectively. BA anions were selectively
permeated through the PE-g-QPDMAEMA film. BA anions
were complexed with trimethylammonium groups affixed to
the quaternized grafted PDMAEMA chains, while Phl cations
were repulsed against the quaternized grafted PDMAEMA
chains. On the other hand, Phl cations were selectively
permeated through the PE-g-SPGMA film because Phl cations
were complexed with sulfonic groups affixed to the sulfonated
grafted PGMA chains. Since it was found from these results
that BA and Phl were selectively separated by use of the pH
difference between the feed and permeate solutions through
the PE-g-QPDMAEMA and PE-g-SPGMA films, the effect of
the initial pH value of the BA/Phl mixture solutions on their
selective separation was investigated.
Figure 13 shows the effects of the initial pH value of the
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BA/Phl mixture solution on the separation factor. BA anions
and Phl cations were selectively permeated through the
PE-g-QPDMAEMA and PE-g-SPGMA films, respectively,
irrespective of the initial pH value of the feed BA/Phl mixture
solution. The BA permeability of the PE-g-QPDMAEMA film
and the Phl permeability of the PE-g-SPGMA film had
maximum values at pH 6.45 corresponding to the pH value of
an equimolar BA/Phl mixture solution without pH adjustment.
Here, a decrease in the pH value of the BA/Phl mixture
solution restrained the dissociation of BA. On the other hand,
an increase in the pH value results in the decrease in the
protonation of Phl. This behavior supports that as the initial
pH value of the BA/Phl mixture solution departs from pH 6.45
by the addition of HCl or NaOH, the neutralization between
protons and hydroxide ions more preferentially occurs.
Therefore, as the pH value of the BA/Phl mixture solution
departs from 6.45, the selective separation between BA and
Phl decreased. Next, the selective separation was investigated
in the diClBA/Phl system.
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diClBA/Phl mixture solutions, respectively. The addition of
HCl or NaOH for adjusting the pH values of the feed solutions
increases in the concentration of coions (H+ and Cl− ions for
HCl and Na+ and OH− for NaOH). Therefore, as shown in
Figures 12 and 13, the increase in the permeation of coions
added in the feed solution through the PE-g-QPDMAEMA
and PE-g-SPGMA films will suppress the permeation of
organic ions.

Figure 14. Effects of the initial pH value of the central feed side on the
separation factors for the PE-g-QPDMAEMA film with the grafted amount of
7.5mmol/g and the degree of quaternization of 86% (○) and PE-g-SPGMA
film with the grafted amount of 6.2mmol/g with the degree of sulfonation of
100% (●) in the binary Phl/diClBA systems. The pH values of the permeate
solutions across the PE-g-QPDMAEMA and PE-g-SPGMA films were
adjusted to be 12.0 and 2.0, respectively.

4. Conclusion
Figure 13. Effects of the initial pH value of the central feed side on the
separation factors for the PE-g-QPDMAEMA film with the grafted amount of
7.5mmol/g and the degree of quaternization of 86% (○) and PE-g-SPGMA
film with the grafted amount of 6.2mmol/g and the degree of sulfonation of
100% (●) films in the binary Phl/BA systems. The pH values of the permeate
solutions across the PE-g-QPDMAEMA and PE-g-SPGMA films were
adjusted to be 12.0 and 2.0, respectively.

Figure 14 shows the effects of the initial pH value of the
diClBA/Phl mixture solution on the separation factors.
diClBA anions and Phl cations were selectively permeated
through the PE-g-QPDMAEMA and PE-g-SPGMA films,
respectively, irrespective of the initial pH value of the feed
mixture solution. The permselectivity for the diClBA/Phl
system had the maximum value at the initial pH value of 6.0
corresponding to the pH value of an equimolar diClBA/Phl
mixture solution without pH adjustment. As the initial pH
value of the diClBA/Phl mixture solution departed from 6.0,
the permselectivity between the diClBA and Phl decreased.
The addition of HCl or NaOH to the feed solution resulted in
the decrease in the permselectivity for the diClBA/Phl system
in the same manner as the BA/Phl system. The separation
factor had the mixture values at the initial pH values of 6.5 and
6.0, which are the pH values of the equimolar BA/Phl and

In this study, the permeation control and selective
separation of organic electrolytes by use of the pH difference
with the PE-g-QPDMAEMA and PE-g-SPGMA films were
investigated and the following conclusions was obtained. The
permeation flux of BA for the PE-g-QPDMAEMA film
increased with an increase in the degree of quaternization, and
the PE-g-QPDMAEMA film with the grafted amount of
7.5mmol/g had the maximum BA permeability at the initial
pH value of the permeate solution of 12.0. In addition, the
sulfonation offered the permeation of Phl to the pPE-g-PGMA
films, and the PE-g-SPGMA film had the maximum Phl
permeability at 6.2mmol/g.
The selective separation for the binary BA/Phl and
diClBA/Phl systems was achieved by use of the pH difference
between the feed and permeate solutions through the
PE-g-QPDMAEMA and PE-g-SPGMA films. The maximum
permselectivity was obtained for the binary BA/Phl and
diClBA/Phl systems under the experimental conditions that
the initial pH values of the feed solutions through the
PE-g-QPDMAEMA film and PE-g-SPGMA film were
adjusted to 12.0 and 2.0, respectively and the equimolar
organic electrolyte mixture solutions were put in the central
feed without any pH adjustment. The above-mentioned results
indicate that acidic and basic organic electrolytes are
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selectively separated by use of the pH difference through the
PE-g-QPDMAEMA
and
PE-g-SPGMA
films
by
neutralization dialysis technique. This procedure will be
applied to separation and concentration of organic electrolytes
and water purification.
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