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Abstract: An electrodialysis process was operated for a long period to investigate the scale formation on the membrane
surface. During the desalination process, concentration of Ca’* and SO,* jons increased continuously in the concentrate
compartment and eventually caused precipitation on the cation exchange membrane (Neosepta CMX) surface. During the
initial scale formation, the performance of the process and membrane characteristics did not show significant changes,
except the decrease in limiting current density of the CMX membrane occurring due to increase in the salt concentration in
the concentrate compartment. Eventually, the limiting current density of the fouled CMX membrane dropped significantly to
300 A/m* as water dissociation occurred in the CMX membrane. It was concluded that the fouling was caused mainly by
the scale formation on the cation exchange membrane surface in the concentrate and consequent water dissociation. Also
the scale formation was reasonably predicted by the solubility of CaSO..
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1. Introduction use or to desalt and concentrate effluents for the reuse.

Despite the fact that electrodialysis is a well proven

Electrodialysis is an electrochemical process for the technology with a multitude of "systems operating

separation of ions from one solution to another, under worldwide, its share in brackish water desalination is

the influence of electrical potential difference across very small in contrast to reverse osmosis or thermal
charged membranes[1-5]. This process has been widely methods[6-10].

applied in the treatment of brackish water for potable The wide application of electrodialysis for demin-

eralization of naturally diluate solutions has been

restricted until recently for a number of reasons, such
*-?—Xi AHe-mail : shmoon@gist.ac.kr)

175



176

02
ox
i

as a risk of forming deposits consisting of insoluble
salts in the concentrate and desalination chambers, the
high electrical resistance of solution and a low flux of
the ions to be removed through the membranes[11-17].
Desalination of the waters containing a considerable
amount of calcium ion, such as brackish water, is
accompanied by the deposition of fairly insoluble
compounds on the membranes. This phenomenon
occurs during both pressure-driven membrane and
electro-membrane processes, and is usually referred to
as membrane scaling. If scaling, such as CaSOq
deposition, occurs on the membrane surface when
treating hard waters, this scale is often removed by
combined methods, but their use is both expensive and
laborious[18].

Therefore, it is meaningful to identify the conditions
under which the scale is formed and the effect of the
scale on an electrodialysis process. In this study, we
have investigated the effect of insoluble salts on the
process efficiency for a long-period electrodialysis op-
eration to desalinate brackish water by using an auto-
matic electrodialysis system. Furthermore, some phe-
nomena following the formation of scale layers on the
membrane surface were observed and analyzed. The
influences caused by concentration differences between
the diluate and the concentrate solutions also were
investigated by continuously concentrating the concen-
trate solution, i.e., with uncontrolled concentrate stream.

2. Experimental

2.1. Materials

In this experiment, Neosepta CMX (Tokuyama Co.,
Japan) cation-exchange membrane and Neosepta AMX
(Tokuyama Co., Japan) anion-exchange membrane were
used. The Neosepta CMX and AMX membranes contain
sulfonic acid groups and ammonium groups as fixed
charges, respectively. These are reinforced and standard
grade membranes for general concentration ranges or
desalination purposes[19].

The brackish water was prepared using NaCl, Na,SO;,
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KCl, NaHCO;, MgCl; - 6H;0, CaCl, - 2H,0 and dis-
tilled water. This solution had the same composition as
sea water, but the salt concentration was 10%,, 112
mM NaCl, 8.00 mM Na;SOs, 2.86 mM KCl, 0.572
mM NaHCOs;, 24.8 mM MgCl; « 6H,0, 3.26 mM
CaCly - 2H,O. As an electrode rinse solution, 0.5 M

Na,SO, solution was used.

2.2. Current-voltage Measurements
The relationship of current and voltage was analyzed
under the two different conditions.

2.2.1. Current-voltage Relation for the Same
Salt Concentration in the Concentrate
and Diluate Compartments

Each of the current-voltage curves for the CMX and

AMX membranes was obtained using an electrodialysis
stack as shown in Fig. 1. This stack had a two cell-
pair configuration and each cell-pair consisted of alter-
nating AMX and CMX membranes. The effective area
of each membrane was 100 cm’.

The brackish water had only one channe]l that
flowed through the diluate compartment and the con-
centrate compartment. The two solutions of the two
compartments were well mixed in the storage tank so
that the concentration in both compartments did not
change even after potential was applied to the stack.

Current-voltage curves were obtained by a stepwise
increase in the current and the measurement of result-
ing potential. After the current was increased, which
was done every 5 min, the electrical potential differ-
ence across the membrane was measured with a
multimeter (HP 34401, USA) every two seconds. The
average potential values were then plotted against the
current densities. The flow rates of the concentrate and
the diluate were kept constant as 0.145 m/sec. All

experiments were performed at 22~25°C.

2.2.2. The Dependence of Current-voltage Rela-
tion on the Concentration of the Con-
centrate

The NaCl concentration in the concentrate compart-
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Fig. 1. Schematic diagram of the -electrodialysis stack
used for desalination of the brackish water (CMX: cation-
exchange membrane, AMX: anion-exchange membrane, C:
concentrate compartment, D: diluate compartment, E: elec-
trode compartment, C': cations, A anions).

ment was varied from 0.188 M to 4 M and that of the
diluate was maintained as 0.188 M. Therefore, the
diluate and concentrate solutions were circulated separ-
ately at a rate of 0.145 m/sec. The current-voltage
relation was obtained for a very short time to minimize
the change of concentration. The cell configuration,
membrane area, and temperature were the same as
those of the previous experiment while the current was
increased by 0.5 A every five seconds and the poten-
tial was measured every second and averaged for each

current step.

2.3. Desalination of Brackish Water

The desalination experiment was performed using the
stack consisting of two cell pairs with both AMX and
CMX membranes (Fig. 1). The AMX and CMX mem-
branes were selected based on their high mechanical
strength allowing for a long-term operation. The stack
included seven compartments and the outer compart-
ments contained electrodes, i.e., a platinum anode and
a stainless steel cathode. Alternating the AMX and
CMX membranes separated the concentrate and the
diluate compartments.

In this experiment, an automatic electrodialysis
system was used for the observation of fouling caused
by the inorganic materials in the brackish water. The
experimental set up is shown in Fig. 2. Brackish water
was used as the feed solution and initial concentrate
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Fig. 2. Schematic diagram of the experimental set-up for
desalination of the brackish water. D, E, and C stand for
the diluate, electrolyte, and concentrate solutions, respec-
tively.

solution and 0.5 M Na,SOs solution was used as the
electrode solution. The feed was replaced with 1 L of
fresh brackish water automatically after it was desalted
to the conductivity of 2 mS/cm, which meets the
standard for drinking water. For the concentrate and
electrode solutions, 1 L of each solution was prepared
prior to the desalination experiment and was not
replaced until the experiment was completed.

Although limiting current densities for the CMX and
AMX membranes were 2,730 A/m’ and 2,620 A/mz,
respectively, a low current density, 300 Am’, was
supplied by a power supply (HP 66332A, USA), to
prevent pH drop in the diluate compartment below the
drinking water standard, 5.8. The desalination was
performed under a constant current mode.

The overflowing concentrate solution was measured
using a balance (Sartorius CP3202S, German). The pH
and conductivity data of the feed solution were also
monitored using pH meters (Model C2506, Broadley
James, USA) and conductivity meters (Model con1000,
Eutech, Singapore), respectively. The resistance for one
cell pair in the stack was obtained using a multimeter
(Model M4W-V, Autonics, Korea) connected to Pt
wires. The product and the concentrate were sampled

and their ion concentrations were analyzed by ion

Membrane J. Vol. 15, No. 2, 2005
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chromatography (DX-500, ED 40 conductivity detector,
CS 12A column, Dionex, USA).

2.4. Characterization of the CMX and AMX
Membranes

The contact angle of each membrane, an index of
the hydrophobicity, was measured using a contact
angle meter (CAM-PLUS 11, Tantec, USA). Before the
measurement, membranes were dried for 48 hours.
This experiment was repeated five times and the values
were averaged.

The resistance of membranes was measured using
FRA2 (Frequency response analyzer) linked to the
potentiostat/galvanostat. An electrical current was sup-
plied by a potentiostat/galvanostat (Model PGSTAT 30,
AutoLab, Netherlands) connected to the counter elec-
trode and working electrode plates (Ag/AgCl). The
experiment was carried out at a frequency of 100 kHz.

The zeta potential of the membrane surface was
obtained by measuring electrophoretic mobility of a
standard particle, polystyrene latex (Diameter 52 nm,
Otsuka Electronics, Japan) coated with HPC (MW
300,000, Scientific Polymer Products, Japan). For this
experiment, a microelectrophoresis cell unit (ELS-600,
Otsuka Electronics, Japan) was used. The dependence
of the zeta potential on pH was also determined for
the cation exchange membrane. Membrane surfaces
were observed using a field-emission scanning electron
microscope (FE-SEM, S-4700, Hitachi, Japan).

3. Results and Discussion

3.1. The Limiting Salt Concentration in the
Concentrate During the Desalination of
Brackish Water

The desalination process decreased the conductivity
of brackish water to 2 mS/cm to meet the requirements
of drinking water, while the conductivity of the con-

centrate continued to increase as shown in Fig. 3.

Theconductivity of the concentrate approached to 170

mS/cm after treating 60 L ofbrackish water. At the

same time, an abrupt drop in the temperature of the
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Fig. 3. Variations in the conductivity and the temperature
of the concentrate; (a) the conductivity, (b) the tem-
perature.

concentrate compartment was observed. This sudden
change in the temperature is a result of CaSO; scale
formation on the CMX membrane surface in the
concentrate compartment. Once precipitation started to
form, additional Ca™ and SOs” ions accumulated on
the surface of the precipitate particles. Finally, the
scales blocked flow channel and reduced the flow rate
during the 40™ batch. With the decrease of flow rate,
the temperature of the concentrate compartment dro-
pped and the conductivity reached a steady state more
rapidly.

Theoretically, as an operation proceeds, ion concen-
tration within the concentrate compartment should in-
crease linearly. However, the experimental data showed
that the actual concentration did not increase linearly
with time due to the water flux resulting from osmosis
and electro-osmosis. That is, when ions are transported
into the concentrate compartment they carry water mol-
ecules with them and it contributes to the dilution of
the concentrate solution. The phenomena refer to the

osmosis, which can be expressed by the following

equation[20]:
dV _ _elt
dt 7k M

where, dV/dt is the flow rate generated by electro-
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osmosis, [ is the current, x is the electrical conductivity
of the brackish water, & is the permittivity of the
solution or the dielectric constant, and 7 is the
viscosity. If all variables are constant in the equation,
the flow generated by electro-osmosis is constant.
Additionally, water molecules also can move into the
concentrate compartment by osmotic pressure due to
concentration difference between the concentrate com-
partment and diluate compartment. However, the effect
of osmosis can be neglected because ion-exchange
membranes are non-porous. In this experiment, the
flow rate generated by electro-osmosis only was 41.2
mL/hr.

Fig. 4 shows the variation in ion concentration of
the concentrate and the diluate. The y-axis represents
equivalent NaCl concentration calculated from the
concentration of all the ions contained. The analyzed
concentration in concentrate compartment was in ac-
cordance with the predicted value from the mass
balance. After the 40" batch, the measured concentra-
tion deviated a little from the theoretical line. This
deviation can be explained by the following differential
equation: .

oC _ (Cpi—Cpp o~
VC ot - T C ]ouer (2)

where Ve and C are the volume and the ion con-
centration in the concentrate, ¢ is the time, r is the
average time required to desalt 1 L of brackish water,
Cp; and Cpy are initial and final concentrations of the
diluate, respectively, and J,v.r is the flux of overflow
from the concentrate compartment or the electro-
osmotic flux. The left-hand side of the equation
corresponds to the rate of ion accumulation in the
concentrate compartment, while the first term of the
right-hand side refers to ion flux into the concentrate
by desalination and the second is ion flux getting out
of the concentrate due to an overflow. By integrating
equation (2), we can obtain:
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Fig. 4. Variation in the salt concentration of the con-
centrate and product; (a) the calculated salt concentration
within the concentrate, (b) the actual concentration within
the concentrate, (¢) the measured salt concentration within
the product.

Cpi~Cnpy
[ jover
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3
where C; is the initial concentration of the concentrate.
The result of this equation is plotted in Fig. 4 for the
comparison with the actual data. The calculated ion
concentration increased up to 4.4 N NaCl - equiva-
lence, and then reached a steady state, while the
experimentally measured value remained at only 3.4 N.
This deviation between the experimental data and the
calculated value after the 40" batch was the result of
precipitation of some salts in the concentrate com-
partment, The salt concentration of the product water
was 0.014 M in average with a standard deviation of
0.0016 M.

3.2. Formation of CaSO4 Scale on the CMX
Membrane Surface
The Ca’" and SO, ion concentrations in the concen-
trate for each batch were measured by ion chroma-
tography. The index for the precipitation of gypsum is
defined as[21]:

S=1000(V X*+4K—X) : 4

Membrane J. Vol. 15, No. 2, 2005
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Fig. 5. Difference between S and the lower concentration
of the two ions (Ca’*, SOs*) versus the batch number.

Here S is 1000[ V y?+4k-x] where X is the difference
between the Ca”" and SOs” concentrations.

where § is gypsum solubility in meq/L, X is the
difference between Ca”™ and SOs” concentrations, and

K is a constant varying with ionic strength of a

solution. The K values according to the ionic strength -

were taken from Nedelmann’s data[21]. Fig. 5 shows
the difference between the S value and the smaller
among two concentrations of Ca’~ and SO;” ions. Before
the saturation concentration (period 1), calcium and
sulfate ions were concentrated in the concentrate
compartment without deposition yet. At the 34" batch,
the difference changed from a positive to a negative
value, indicating that gypsum started to precipitate. In
the period 2, the ion concentration exceeded the
solubility product constant of calcium sulfate and
continued to increase. After the precipitation started,
accumulation of CaSO4 was progressed, and then the
flow rate of the concentrate dropped during the 40"
batch as mentioned previously.

Fig. 6 shows the SEM images of virgin and fouled
CMX membrane surfaces with 20,000-fold magnifica-
tion. The images show the aggregated particles are
covering the fouled cation exchange membrane while

no scaling material was observed on the AMX mem-

Fig. 6. 20,000-fold magnification of the CMX and AMX membranes; (a) virgin CMX membrane, (b) fouled CMX
membrane, (¢) virgin AMX membrane, (d) fouled AMX membrane.

WugQl A 15 F A 2 F, 2005
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Fig. 7. Current efficiency versus the batch number.

brane surface.

3.3. Water Dissociation by Back Diffusion
This electrodialysis process was stopped during the
96" batch because the turbidity in the diluate com-
partment increased with the abrupt dropping of current
efficiency. The current efficiency is shown in Fig. 7 as
a function of batch number. The efficiency decreased
to 46.3% during the last batch. The particles causing
high turbidity were identified as Mg(OH), by ionic
analysis. In addition, the hydroxide concentration in-
creased rapidly bringing the pH to 11.3 as a result of
the water dissociation on the CMX membranes (Fig.
8). Considering that the solubility product constant of
Mg(OH), is 7.1x10™ at 25°C, precipitation of that
was evident. Although the limiting current densities in
the experiment were higher than the operating current
density as 2,730 A/m” and 2,620 A/m’ for the CMX
and AMX membranes respectively, water dissociation
occurred due to decrease in the limiting current den-
sities. Since CaSQs scales formed on the CMX mem-
brane led to the change, the current-voltage relation of
a fouled CMX membrane was compared with a virgin
CMX membrane in Fig. 9. The ion concentrations
within the diluate and the concentrate remained
constant as 0.188 mol/L NaCl during the measurement
of the limiting current density. As shown in the figure,
the limiting current density dropped from 2,730 A/m’
to 1,620 A/m® due to the CaSO; scales formed on the
membrane surface. For the fouled CMX membrane, the
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Fig. 8. Variations in the pH during the overall process
time; C and D refer to the pH of the concentrate and the
diluate respectively.
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Fig. 9. Comparison between the current-voltage relations
of a virginal and fouled CMX membrane; (a) virgin CMX
membrane and (b) fouled CMX membrane.

plateau region was not evident in the plot of the
current-voltage relation because of the non-homoge-
neity of the scale layer. The non-homogeneous surface
made the resistance distribution irregular on the mem-
brane surface and a part of the membrane surface
reached the water dissociation potential even at a low
current density.

In Fig. 10 variations in the limiting current density
were observed while using solutions with different salt
concentrations. Generally, the limiting current density
is expressed by the Nemst-Planck equation for the
ionic concentrations within the diluate compartment
without influence of the concentrate solution. During

Membrane J. Vol. 15, No. 2, 2005
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compartment; The NaCl concentrations were (a) 0.188 mol/L, (b) 1.00 mol/L, (¢) 3.00 mol/L, (d) 4.00 mol/L. The

concentrations within the diluate were all 0.188 mol/L.

the brackish water desalination experiments, diluate
was refreshed by brackish water every batch while the
salt in the concentrate accumulated continuously. There-
fore, the difference in ion concentrations between the
two compartments increased with time. Such a
condition might affect the limiting current density. In
Fig. 10, the diluate concentration was constant as
0.188 mol/L NaCl and the concentrate concentration
was variable (0.188, 1.00, 3.00 and 4.00 mol/L. NaCl).
The limiting current densities for each concentrate
concentration are listed in Table 1. It is noteworthy
that when the ion concentration of the concentrate was
4.00 mol/L, the limiting current density was the same

as the experimental operating current density and,

Wl A 15 @ A 2 F, 2005

Table 1. Limiting Current Densities for Virgin and Fouled
CMX Membranes According to the NaCl Concentration
Within the Concentrate

Concentration of  Limiting current

M
embranes concentrate (mol/L)  density (A/mz)
Virgin CMX 0.188 2,730
membrane
0.188 162
Fouled CMX 1.00 80
membrane 3.00 60
4.00 30

consequently, water dissociation was observed.
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Fig. 11. Variations of the pH versus the batch number
during the desalination of a NaCl solution; (a) and (b) are
for the diluate and the concentrate, respectively.

3.4. Desalination of NaCl Solution with the
Same Concentration as Brackish Water

Because of water dissociation, the pH of diluate
compartment increased to 11.3, Mg(OH), precipitate
was formed and the current efficiency dropped ab-
ruptly. To further investigate the phenomena occurring
after water dissociation, we used a 0.188 M equivalent
NaCl solution as feed instead of the brackish water.
Fig. 11 shows the pH variation versus batch number
during the desalination of NaCl solution. The pH of
the diluate began to increase sharply, to about 10 at
the 53" batch, and then, that of the concentrate also
increased at the 80" batch.

From these results, it can be said that water dis-
sociation occurred on the surface of the CMX mem-
brane around the 53™ batch, and the AMX membrane
at about the 80™ batch. Although both of CMX and
AMX membranes were not fouled, water dissociation
was shown at an earlier batch than when the brackish
water was used. The reason for this is that the con-
centration difference between the concentrate and the
diluate became greater even for a shorter operation
time since the magnesium and sulfate ions did not
accumulate in the concentrate compartment and did not
block the concentrate channel. The greater concentra-
tion difference accelerated the water dissociation. Fig.
12 shows the change of pH within the diluate com-
partment from the 52™ batch to 56™ batch in detail. In

FEANA =AY B4 183

S T (5
R
- +?++++1—++++ ‘xxxxzxxxxx*xxxxxxxxxx,xxxxxi ( )
+ 3

x¥ :

X XX
- ) XX

Ky X¥ XK. XXX
Ky XXX
e xox X% XX (C)

()
AAL

A
AA
adda
AAS. - L
am =y a

XXX

X
XX
XX
X
XXX

pH

MW ot N WO

X
b XX XXX

Asddaa
‘6AAAAAAA‘AA““““‘A“ A
CE D] 1

i L ) L

0 10 20 30 40 50

Time [min]
Fig. 12. Variations in the diluate from 52™ batch to 56"
batch in figure 11; (a) 52™ batch, (b) 53“ batch, (c) 54"
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the 52™ batch, no water dissociation was observed
while pH began to increase at the end of the 53"
batch. The time required for the pH to increase was
shortened as the batch number went further. According
to the Nernst-Planck equation, the limiting current
density was determined when the ion concentration at
the membrane surface was zero and the concentration
gradient could not increase any longer. However, in
this experiment, the water dissociation was observed
before the surface concentration reached zero.

This phenomenon can be explained by the back
diffusion through CMX membrane. As the concentrate
was further concentrated, the concentration gradient
between diluate and concentrate became larger and
caused the back diffusion of ions. In the Nernst-Planck
equation, it is assumed that the transport of the ions in
the membrane is much faster than that in the boundary
layer. However, the higher concentration gradient can
prevent ions from moving through the membrane due
to the back diffusion. Furthermore, at any moment,
transport through the membrane may be more difficult
than in the boundary layer and, thus, be the rate
determining step. Therefore, although the membrane
suface concentration is not zero, water dissociation can
take place above the limiting current density.

Water dissociation was seen on AMX membranes
also at the 80™ batch. This suggests that the limiting
current density of the AMX membrane decreased from

Membrane J. Vol. 15, No. 2, 2005
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Fig. 13. Zeta-potential of the virgin and the fouled CMX
membranes as a function of pH.

the initial limiting current density of 2,620 A/m2 to the
process current density of 300 Alm’.

Therefore it was thought that the water dissociation
observed during the desalination of the sodium chloride
solution and the brackish water was mainly caused by
the back diffution caused due to a large concentration
gradient and the formation of CaSOs scales, respec-

tively.

3.5. Comparison of the Virgin and Fouled
CMX Membranes and Their Characteristics
Changes in the properties between the virgin and
fouled membranes were observed using several charac-
teristics of membranes: zeta potential, impedance spec-
troscopy, contact angle, water content ratio, and ion
exchange capacity. Fig. 13 shows the variation in the
zeta potential of the virgin and fouled CMX mem-
branes. While the virgin CMX membrane had the
isoelectric point of 1.52 and the effect of pH on the
zeta potential was distinct, the isoelectric point of
fouled CMX membrane was higher, ie., 3.86, and the
influence of the pH was insignificant. The surface of
fouled CMX membrane was covered with CaSOy scale
layer, and this exhibited a weak acidic characteristic
because it was a salt from a weak base, Ca(OH), and
a strong acid, H»SOy4. Therefore, the isoelectric point
of the fouled membrane was slightly inclined toward

acid as 3.86. Since there is no actual proton in the
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Table 2. Characterization of Virgin and Fouled CMX and
AMX Membranes

CMX AMX
Characterization

Virgin Fouled Virgin Fouled
Resistance [& - sz] 3.15 3.00 2.92 3.04
Water content ratio 0254 0338 0257 0.261
Ion exchange capacity 1.59 1.62 1.70 1.51
[meq/g]
Contact angle [°C] 62.9 48.2 83.6 84.2
Thickness [mm] 0.157 0217 0.137 0.143

calcium sulfate molecule, its zeta potential was nearly
independent of the pH. On the other hand, the sulfonic
group on the virgin CMX membrane is very strongly
dissociated and the pKa of sulfonic acid is as low as
1.77, which explains the low isoelectric point of the
virgin membrane.

The resistance of the CMX membrane decreased
slightly after it was fouled (Table 2), while the water
content, ion exchange capacity, and membrane thick-
ness increased slightly. Although the membrane was
fouled with a CaSOs scale layer, its main properties
did not change significantly and the fouling itself did
not affect the process efficiency. Only the limiting
current density decreased significantly. Furthermore,
the limiting current density decreased to a greater
extent with the higher concentration gradients. There-
fore, water dissociation occurred and Mg(OH), pre-
cipitate was formed in the diluate compartment fol-
lowed by an abrupt drop in the current efficiency.
Also, the characteristics and performance of the AMX
membrane did not show any significant changes as
shown in Table 2.

4. Conclusions

In this study, we investigated the fouling mechanism
of electrodialysis in terms of the limiting salt concen-
tration within the concentrate during the desalination of
brackish water. Also, the scale layer that formed on
the CMX membrane surface itself did not have an

effect on the process efficiency. The resistance of the



membrane even decreased a little. Only the limiting
current density of the fouled CMX membrane was
significantly lower than that of the virgin membrane.
The limiting current density was further lowered by the
increasing concentration difference between the diluate
and the concentrate. Therefore it is recommended that
the electrodialysis be operated under the limiting

concentration of the concentrate compartment. Further-

more, it should be noted that the Nernst-Planck equa-

tion cannot fully explain the ion transfer phenomena in
electrodialysis when the concentrate compartment is
filled with a strong solution.
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