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A B S T R A C T

Organic fouling behavior of anion exchange membranes was examined in an electrodialysis sys-
tem consisting of commercially available anion exchange membranes, AMX, ASM and ASM-F and
NaCl solutions containing sodium dodecylbenzene-sulfonate (DBS) solution as an organic foulant.
ASM-F has the highest anti-organic fouling property in all the membranes because of its loose net-
work structure and thin charged layers on the membrane surfaces with the same in sign as the
charged group of DBS. The slope of the time–voltage curves through ASM decreases with increas-
ing temperature. This means the organic fouling was suppressed when temperature increase. The
permeability coefficient of DBS through the membrane increases with increasing temperature
because of the increase in the water content of the membrane. ASM-F has lower permeability coef-
ficient of DBS than ASM at all the temperatures. This means that ASM-F has higher barrier prop-
erty against DBS than ASM.
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1. Introduction

In Japan, hydrocarbon type ion exchange mem-
branes have developed to produce sodium chloride
by electrodialytic concentration of seawater. Ion
exchange membranes have been applied to many
industrial fields such as water treatment [1], food
industry [2–4], medical supplies, acid recovery from
pickling solution [5–8] and wastewater treatment
[9–12] etc. (Fig. 1). To apply the membranes to these
industrial fields, organic fouling of ion exchange mem-
branes is one of the major problems in electrodialysis
process. Organic fouling of an ion exchange membrane
will occur during electrodialysis process using electro-
lyte solutions containing organic substances. Fig. 2

shows structure of a commercially available anion
exchange membrane and a mechanism of organic foul-
ing on the surfaces.

There have been many reports on ion exchange
membranes with anti-organic fouling properties. For
example, an ion exchange membrane with loosen struc-
ture was prepared [13,14]. However, the loosen struc-
ture gave the membrane low ionic selectivity and
consequently no efficient desalination can be conducted.
The introduction of a cation exchange site, sulfonic acid
group, onto the surfaces of an anion exchange mem-
brane was investigated [15,16]. However electric resis-
tance was extremely high because of the thick cation
exchange layers. Anion exchange group of anion
exchange membrane was oxidized at selected chemical
sites [17]. Composite membrane prepared from anion
exchange membranes and pyrrole is also effective in�Corresponding author
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preventing the increase in electrical resistance of the
membrane and the decrease in current efficiency in
the presence of anionic surface active agents [18,19].
However, these two methods also increase the electric
resistance of the membranes.

Apart from the pore size and charge effect of an ion
exchange membrane, it is thought that one reason for
organic fouling of the membranes is based on p–p inter-
action between the membranes and foulant ions such
as aromatic compounds because almost all of ion
exchange membranes are prepared from derivatives
of styrene-divinylbenzene copolymers; therefore, ali-
phatic ion exchange membranes have been prepared
[20]. However, there are few ion exchange membranes

or electrodialysis methods that completely prevent
fouling of the membrane by a variety of foulant.

Recently, an anion exchange membrane with anti-
organic fouling properties was developed, and is sold
as Neosepta ASM-F [3]. The membrane has electric
charge layer opposite to its fixed charges on its
surfaces.

The aim of this study is to investigate fouling
mechanism on the surfaces of commercially available
anion exchange membranes. Hence, time–voltage
curves in an electrodialysis system consisting of an
anion exchange membrane and NaCl aqueous solu-
tions containing sodium dodecylbenzene- sulfonate
(DBS) as a surface-active agent were measured. Per-
meation of DBS through the anion exchange membrane
during the electrodialysis was also measured.

2. Experimental

2.1. Sample membranes

Commercially available anion exchange mem-
branes [Neosepta AMX, ASM, ASM-F: manufactured
by ASTOM Corp.] prepared from chloromethyl styrene
and divinylbenzene were used as the sample mem-
brane. Neosepta AMX is the standard grade mem-
brane. Neosepta ASM is a specific grade membrane
and has high water contents. Neosepta ASM-F has
oppositely electric-charged layers on its surface to pre-
vent organic fouling.

2.1.1. Ion exchange capacity

The membranes were immersed in 0.5 mol dm�3

HCl solution during 24 h. Then, they were rinsed with
deionized water to remove the non-exchange HCl elec-
trolyte adsorbed in the membranes and immersed in
200 ml of 0.2 mol dm�3 NaNO3 under stirring for
12 h in order to obtain the complete exchange of Cl�

ions in the membrane for NO3
� ions from the solution.

The amount of Cl� ions obtained in the solution was
determined by using precipitation titration [21]. Ion
exchange capacity Cex of the membranes was calcu-
lated from the chloride amount A and the weight of the
dry membrane Wb as.

Cex ¼
A

Wb

: ð1Þ

2.1.2. Water content

The membranes were left to soak during 24 h at
25�C in NaCl solutions at different concentrations. The
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Fig. 2. Suggested mechanism of organic fouling. A, anion
exchange membrane; B, anion exchange group of the mem-
brane; and C, organic anion.

Fig. 1. Applications of electrodialysis process with a hydro-
carbon type ion exchange membrane.
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membranes were removed from the water, dabbed
with filter paper to remove excess water on the mem-
brane surfaces, and wet weight Wa was measured. Dry
weight Wb was obtained by drying the samples at 60�C
for 24 h. The water content was defined as follows:

W ¼ Wa �Wb

Wb

� �
: ð2Þ

2.1.3. Burst strength

Burst strength of ion exchange membrane is
expressed by Mullen bursting strength (BS). BS was
measured in the wet state with Mullen Burst Tester
EL type (Toyo Seiki Seisakusho).

2.1.4. Membrane resistance

‘‘Membrane resistance’’ is defined as the division of
the electric resistance, measured in 0.5 mol dm�3 NaCl
solution, by the effective area in this study. Fig. 3 shows
an apparatus for electric resistance measurement. A
sample membrane was immersed in 0.5 mol dm�3 NaCl
solution over 2 h. After the membrane was placed
between platinum black electrodes, the electric resis-
tance was measured by 1 kHz AC (Hioki 3511-50) at
25.0�C � 0.2�C (r1). After the membrane was removed,
blank value was measured (r0). The difference between
r1 and r0 gives the membrane resistance, Rm.

Rm ¼ r1 � r0: ð3Þ

2.1.5. Membrane thickness

The thickness of the membrane was measured
in the wet state with a micrometer (Mitsutoyo
MDC-25MJ).

2.1.6. Transport number

To determine the transport number of the mem-
brane, electrodialysis was carried out by using an
acrylic plastic cell of two parts separated by a mem-
brane, as shown in Fig. 4 at a current density of
0.01 A cm�1 at 25�C for 75 min. The amount of trans-
ported ions passed through the membrane during the
electrodialysis was measured with using a conductiv-
ity meter (HORIBA 3552-10D). The dynamic transport
number was obtained in terms of the following
equation:

t� ¼ 1:00��mF=Q; ð4Þ

where t�, transport number; �m, amount of trans-
ported ions passed through the membrane (mol); Q,
amount of electricity passed through the membrane
(C); F, Faraday constant (C mol�1). All the experiments
were performed at a room temperature.

2.2. Voltage change during electrodialysis period

After soaking in 0.1 mol dm�3 NaCl aqueous
solution for 1 h and washing with deionized water, a
sample membrane was fixed in a 2-compartment cell
equipped with a silver electrode and silver chloride
electrode (Fig. 5). The anode chamber was filled with
0.1 dm3 of 0.1 mol dm�3 NaCl aqueous solution and the
cathode chamber was filled with 0.1 dm3 of a mixed

Effective membrane area
�1.0 cm2
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Fig. 3. Apparatus for membrane resistance. A, sample mem-
brane; B, Pt black electrodes; C, NaCl solution; and D, LCR
meter. The effective area of the cell is 1.0 cm2.
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Fig. 4. Apparatus for measuring transport number. A, power
supply; B, ampere meter; C, coulomb meter; D, voltmeter; E,
motor; F, stirrer; G, cathode electrode; H, anode electrode; I,
0.5 mol dm�3 NaCl solution; and J, sample membrane. The
effective area of the cell is 8.0 cm2.
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solution of 0.1 mol dm�3 NaCl and 500 ppm of DBS as a
high-molecular-weight organic anion. The solutions in
both chambers were stirred at a rotation speed of
1,000 rpm and the electrodialysis was conducted at a
current density of 10 mA cm�2. The voltage between
the membrane surfaces platinum wire electrodes fixed
near the membrane surfaces was measured during
electrodialysis period. The voltage between the probe
electrodes increases when the organic fouling occurs
during the electrodialysis.

2.3. Permeability coefficient of organic foulant

After the electrodialysis, the concentration of DBS in
the anode chamber was determined with a spectro-
photometer for ultraviolet and visible region (Shimazu
UV-1600). Permeability coefficient of organic foulant
for each membrane was obtained from the concen-
tration change of DBS with electrodialysis time. The
permeability coefficient was obtained in terms of the
following equation:

P ¼ �CVd=�C0tS; ð5Þ

where P, permeability coefficient of the DBS (m2 s�1);
�C, concentration of transported DBS passed through
the membrane (ppm); V, volume in the anode chamber
(dm3); d, membrane thickness (mm); �C0, initial

concentration of DBS (500 ppm); t, measuring time
(s); S, effective area of the cell (¼4.0 cm2).

3. Results and discussion

3.1. Fundamental properties of anion exchange membranes

Table 1 shows the fundamental properties of the
anion exchange membranes, AMX, ASM, and ASM-F.
The membrane resistance of ASM-F is the same as that
of ASM although an opposite electric charged layer on
membrane surfaces usually gives remarkable increase
in the membrane resistance. The membrane resistance
as well as other properties of the modified membrane,
ASM-F is almost similar to those of the unmodified
membrane, ASM. This will be due to the fact that the
thickness of the opposite electric charge layers is suffi-
ciently thin.

3.2. Dependence of membrane structure on organic fouling

Fig. 6 shows electric potential between the probe
electrodes, �f, as a function of measuring time, t. The
electric potential of ASM-F did not change with time
while that of the other membranes increases with time.
This means that ASM-F has the highest anti-organic
fouling property in all the membranes because of its
loose network structure and the thin surface charged
layers with the same in sign as the charged group of
DBS. ASM is better anti-fouling properties than AMX
because the water content of ASM is higher than that
of AMX.

3.3. Dependence of temperature on organic fouling

Figs. 7–9 show electric potential between the
probe electrodes, �f, through AMX, ASM, and
ASM-F, respectively, as a function of measuring time
operated at 20�C, 25�C, 30�C, and 40�C. The slope of
the time–voltage curves of all the membranes
decreases with increasing temperature. This means
that the organic fouling decreased with increasing
temperature. There will be two factors on the decrease
in the organic fouling: the decrease in membrane
resistance due to the increase in electric conductivity
in the membrane; the increase in permeability coeffi-
cient of DBS because of the increase in the water con-
tent of the membranes [22].

3.4. Permeability of the organic foulant at various
temperatures

To investigate permeability of the organic foulant
at various temperatures, we measured permeability
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Fig. 5. Apparatus for electrodialysis experiment. One cham-
ber of the cell was filled with a solution of 0.1 mol dm�3 NaCl
and the other was filled with a mixed solution of
0.1 mol dm�3 NaCl and 500 ppm DBS. The current density
was 10 mA cm�2. The effective area of the cell is 4.0 cm2.
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coefficient of fourant through ASM and ASM-F.
It was too difficult for AMX to measure the permeabil-
ity coefficient because of the rapid increase in the vol-
tage by the fouling. Fig. 10 shows the permeability
coefficient of DBS as a function of temperature. The
permeability coefficient of DBS through both the
membranes increases with increasing temperature
because of the increasing in the water content. ASM-
F has lower permeability coefficient than ASM at
all the temperatures. This will be due to the fact that
the thin charged layers of ASM-F suppress the per-
meation of DBS.

4. Conclusions

The electrodialysis under various conditions was
carried out to investigate fouling mechanism on the
surfaces of the commercially available anion exchange
membranes. The lowest voltage change through ASM-
F during the electrodialysis period indicates that ASM-
F has the highest anti-organic fouling property in all

the membranes. This is because its loose network struc-
ture and the thin surface charged layers with the same
in sign as the charged group of DBS.

Table 1
Fundamental properties on commercially available anion exchange membranes. Cex : ion exchange capacity, W : water content,
BS : burst strength, Rm : membrane resistance, d : membrane thickness, t� : transport number

Cex [mmol g�1] W [%] BS [MPa] Rm [� cm2] d [mm] t- [–]

ASM 1.4 24 0.30 2.3 0.14 0.98
ASM-F 2.0 38 0.32 1.4 0.17 0.98
AMX 2.0 38 0.31 1.4 0.17 0.98
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Fig. 6. Electric potential between the probe electrodes, �f, as
a function of measuring time, t. Samples: ~, AMX; �, ASM;
and �, ASM-F.
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Fig. 7. Electric potential between the probe electrodes, �f, as
a function of measuring time, t, of the AMX: (a) total electric
potential and (b) initial electric potential. Measuring tem-
peratures: ~, 20�C; ~, 25�C; �, 30�C; and �, 40�C.
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The slope of the time–voltage curves through all the
membranes decreased with increasing temperature.
This means that the organic fouling is suppressed
when temperature increase.

The permeability coefficient of DBS through all the
membranes increases with increasing temperature
because of the increase in the water content. ASM-F has
lower permeability coefficient of DBS than ASM at all
the temperatures. This means that ASM-F has higher

barrier property against DBS than ASM because the
thin surface charged layers of ASM-F suppress the per-
meation of the fourant ions.
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Symbols

A Amount of chloride
Wb Weight in dry state, g
Cex Ion exchange capacity, mmol g�1 dry mem-

brane: Cex ¼ A / Wb

Wa Weight in wet state, g
W Water content, g H2O g-1 dry membrane: W

¼ (Wa � Wb)/Wb

BS Burst strength, MPa
r1 Measured resistance with a sample mem-

brane, � cm2

r2 Measured resistance without a sample mem-
brane, � cm2

Rm Membrane resistance, � cm2: Rm¼ r1 � r2

d Membrane thickness, mm
t� Transport number
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Fig. 8. Electric potential between the probe electrodes, �f, as
a function of measuring time, t, of the ASM. Measuring tem-
peratures: ~, 20�C; ~, 25�C; �, 30�C; and �, 40�C.
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Fig. 9. Electric potential between the probe electrodes, �f, as
a function of measuring time, t, of the ASM-F. Measuring
temperatures: ~, 20�C; ~, 25�C; �, 30�C; and �, 40�C.
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Fig. 10. Permeability coefficient of DBS, P, as a function of
measuring temperatures, T. Samples: �, ASM and �,
ASM-F.
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�m Amount of transported ions passed through
the membrane, mol

Q Amount of electricity, C
F Faraday constant, C mol-1

t Measuring time, min. or s
P Permeability coefficient of the DBS, m2s-1

�C Concentration of transported DBS passed
through the membrane, ppm

V Volume in the anode chamber, dm3

�C0 Initial concentration of DBS, ppm
�S Effective area of the cell, cm2

T Measuring temperature, �C

Greek symbols

�f electric potential between the probe electrodes
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