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Abstract

Membrane fouling in electrodialysis (ED) can be minimized by using optimized pulsed power instead of direct

current (DC) power. For the determination of an optimum frequency, effects of the square wave power with various

frequencies on fouling mitigation were studied in the presence of humate as a foulant in a NaCl solution. In desalting of

a NaCl solution with humate an optimum frequency of the square wave power was found to be 30 Hz, determined by

the membrane fouling index for Neosepta AMX and CMX membranes. AMX membrane has a lower optimum

frequency than that of the relatively loose AM-1, which was near 100 Hz in a previous study. Molecular weight

distribution of humate transported to the concentrate compartment through AMX and AM-1 membranes indicated the

structural difference between the two membranes. Through cell tests and desalting ED, a higher performance was

achieved with the optimized square wave power than the DC power in terms of conductivity and cell resistance.
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1. Introduction

Fouling of ion exchange membranes in electro-

dialysis (ED) has been recognized as one of the

greatest concerns in their applications. Fouling of

anion exchange membranes (AEMs) due to nega-

tively charged organics occurs in many streams

containing foulants such as humate, sodium do-

decylbenzene sulfonate, sulfonated lignin, bovin

serum albumin, etc. [1�/5]. Organic foulants may

chemically deposit on the membrane surface or

inside the membrane due to electrical interactions

between the membrane and the foulants. Conse-

quently, the foulants cause to deteriorate mem-

brane performances, which are indicated by a

decline in the flux and an increase in the electric

resistance [1,2,6�/8]. It is known that humic sub-

stance is a predominant component of natural

organic matter (NOM) [9,10] and can cause

serious fouling of the AEMs in an ED process
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due to highly negative charges and high molecular

weight. The AEM is a polymeric membrane with

positively charged functional groups with tertiary

or quaternary amine groups [11]. Negatively

charged humate with carboxylic and phenolic

groups moves toward the AEMs under an electric

field during an ED operation. However, humate

with large molecular weights is rejected by the

membrane and then deposits on the membrane

surface due to the steric effect and the electric

interaction [1,12�/14]. The movement and deposi-

tion of humate cause to foul the AEMs, decreasing

the ED performance. It was reported that the

cation exchange membrane (CEM) was not easily

fouled due to its negatively charged functional

groups [2,8]. Therefore, it is crucial for an effective

ED operation to select the AEM that has lower

fouling tendency in the long-term desalting ED of

a solution containing foulants.

In general, many approaches were studied to

mitigate fouling of ion exchange membranes dur-

ing an ED operation, including pretreatment of

the feed solution, turbulence in the compartments,

optimization of process conditions such as pH and

flow rate, and modification of the membrane

properties [15,16]. Although all the methods re-

duce fouling to some extent, cleaning-in-place

(CIP) is still needed in practical processes. These

methods, however, require additional chemicals,

instruments, or more energy to increase in flow

velocity, resulting in an increase in the operating

and installing cost as well as difficulty in an ED

operation. Therefore, the frequency of a chemical

cleaning procedure should be kept to be as

minimum as possible.
It was reported that the application of external

electric fields with pulsation [16�/20] and infrasonic

pulsing [21,22] could give substantial improve-

ments in the performance of pressure-driven

membrane processes by reduction of concentration

polarization, control of membrane fouling, and

increase in the membrane selectivity. Likewise, Lee

et al. [6] have utilized pulsed electric fields to

disturb the gel layer formation on the surface of

the Neosepta AM-1 membranes in the desalting

ED of a NaCl solution containing humate. They

have found that the square wave power with an

optimum frequency enhanced the mobility of the

charged particles in the fouling layer and de-

creased the electric resistance of the ED cell.

They studied the effects of the pulsed electric field

on the fouling mitigation with various frequencies

and determined an optimum frequency of the

square wave power for the fouling mitigation.

However, the difference in the optimum frequency

might be caused by the types of the AEMs because

the AEMs have the different properties such as

interaction of foulants, crosslinking degree, swel-

Nomenclature

A effective membrane area (m2)
Cb concentration of the foulant in the bulk solution (kg/m3)
Cg concentration of the foulant in the gel layer (kg/m3)
CII concentration of chloride in the compartment II (mol/m3)
E cell voltage drop (V)
F Faraday constant, 96 485 C/eq. of electron
I current (A)
i current density (A/m2)
K constant that is related to the stack design, hydrodynamic conditions, and species and

concentration of foulant (m3/C)
rc specific resistance in the gel layer (V cm)
Rm intrinsic membrane resistance (V)
t elapsed time (min)
tII time sampled in the compartment II (min)
VII volume of the solution in the compartment II (m3)
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ling, ion exchange capacity, membrane resistance
and transport number for ions. Therefore, the

determination of an optimum frequency of the

square wave power may improve the performance

in ED by mitigating the membrane fouling. The

Neosepta AMX membrane having good mechan-

ical strength is generally used for desalination

purposes. While the Neosepta AM-1 AEM has a

lower membrane resistance, it has relatively poor
mechanical strength compared with the AMX. The

AMX contains more reinforcing material and less

moisture content. Consequently the AMX has

relatively tight membrane structure.

The objective of this study is to investigate the

influence of the structural difference on the

optimum frequency of the square wave power to

reduce the fouling rate in the desalting ED during
the extended period without CIP. The optimum

frequency of the square wave power for the

membrane fouling mitigation was quantitatively

determined by the membrane fouling index for

electrodialysis (EDMFI) suggested by Lee et al.

[6]. Additionally, the performance of the desalting

ED of a synthetic solution with humate was

investigated in terms of conductivity and cell
resistance using the square wave power with an

optimum frequency as well as using the DC power.

2. Experimental

2.1. Setup for the square wave power

The square wave power was generated by

combination of the DC power from a dual-type

DC power supplier (model UP-100D, UNICORN,

Korea) and the square wave signal supplied from a

function generator (model 33210A, Hewlett�/Pack-
ard, USA) connected to a laboratory-made ampli-

fier as illustrated in Fig. 1. The frequencies in this

study were varied from 10 to 500 Hz. The current

forms of the square wave power supplied to the

ED stack were observed by an oscilloscope (model

54600B, Hewlett�/Packard, USA) connected to a

personal computer via RS-232.

2.2. Determination of EDMFI and desalting

electrodialysis experiments

The cell voltages in an ED stack were measured

at two platinum wires inserted into the compart-

ments I and V with a digital multimeter (model

34401A, Hewlett�/Packard, USA) logged to a

personal computer via RS-232, as shown in Fig.

2. Two cell pairs with the AMX and CMX

(Neosepta, Tokuyama Corp., Japan) were as-

sembled in an electrodialyzer, TS-1-10 (Tokuyama

Corp., Japan). The two CMB CEMs with good

chemical strength were used to endure severe pH

changes by water dissociation reactions occurred

at both electrodes and to prevent leakage of

anions, especially chloride in this study, into the

Fig. 1. A schematic diagram for generation of the square wave

power with a function generator and a dual-type power supplier

[6].

Fig. 2. Set up for the desalting experiment in the electrodialy-

zer, TS-1-10.
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anode compartment. Chloride transport to the
electrode compartment may lead to the production

of chlorine gas at the electrode [11]. The effective

membrane area was 100 cm2. The electric currents

of the DC power supplier (model 6674A, Hewlett�/

Packard, USA) and the square wave power were

kept at 6 mA/cm2. Conductivity and temperature

were measured with a digital conductivity meter

(Cole�/Parmer, USA). Relative molecular weight
(RMW) size distributions of humate transported

to the concentrate compartment through AEMs

during the desalting ED under the DC power were

measured by a size-exclusion method using a liquid

chromatography (Model Waters 510, Waters,

USA) with a column, Protein-Pak 125 (Waters,

USA) and a UV detector (254 nm). All the

experiments were performed at room temperature
(239/1 8C).

For each experiment, a diluate (initially 1 l of 0.1

M NaCl containing 0.01 wt.% sodium humate

(Aldrich, USA)) and a concentrate solution (in-

itially 1 l of 0.05 M NaCl) were circulated at a flow

rate of 0.7�/0.8 l/min in the ED stack. An electrode

rinse solution was 1 l of 3% Na2SO4 to avoid

undesirable electrode reactions. As a reference
experiment, ED of 0.1 M NaCl solution without

humate (a diluate solution) was carried out under

the same experimental conditions with the DC

power.

2.3. Cell experiments

In order to observe effects of the square wave

power on mitigation of the fouling of the AEMs
caused by negatively charged organics for a short

period of desalination, cell experiments in a four-

compartment cell were carried out as illustrated in

Fig. 3. The compartments I and IV are electrode

chambers and platinum (Pt) coated on titanium

(Ti) and aluminum (Al) electrode were installed at

both ends to supply the square wave power and

the DC power for the anode and the cathode,
respectively. The CMB membranes and 0.01 M of

Na2SO4 were used for two electrode compart-

ments.

AMX was also used as the test membrane, being

placed between the compartments II and III.

Sodium was a sole cation used in this study to

minimize the effects of cation. The initial electro-
lyte in the compartment II was 0.01 M NaOH to

measure the chloride transported from the com-

partment III to II. The solutions of the compart-

ment III consisted of 0.01 M NaCl with or without

humate to compare the desalting ED performance

between the square wave power and the DC power

with respect to the existence of humate.

The membranes were prepared in the chloride
form (AMX) and in the sodium form (CMX) by

repeated exchange in 0.01 M of sodium chloride

solutions. Each effective membrane area was 7.07

cm2. The electric currents of the DC power and the

square wave power were kept at 7.07 mA/cm2.

Volume in each compartment was 200 ml. Ultra-

pure water (18 MV cm) was used to prepare

solutions. The concentrations of chloride ion in
the compartment II were analyzed using an ion

chromatography (Dionex DX-500, ED 40 con-

ductivity detector, AS 14A column).

3. Results and discussion

3.1. An equivalent circuit of an electrodialysis stack

An ED stack is regarded as an electric circuit

because it uses electric power as a driving force

separating ionic species from aqueous solutions. In

early studies it was suggested that the ED stack

including electrodes, membranes, solutions and

flow paths could be represented as a series

resistance [26] or a Kirchhoff network [27], which

consists of resistances only. Later, Watkins et al.
used capacitance spectroscopy to characterize

organic fouling of ED membranes because solu-

tions near the membranes, membranes, bulk solu-

tions, and solutions near the electrodes in the ED

stack have electrical double layers so that they can

be represented as capacitance [28]. In fact, all the

elements in the ED stack have some electrical

properties and can be represented as resistances
and capacitances corresponding to its equivalent

circuit [29,30]. Fig. 4a and b show the input and

output current form of square wave power mea-

sured between the two points without (A�/B) and

with load of the ED stack (A�/C), respectively, as

shown in Fig. 1. Fig. 4a was offset to set the
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bottom potential to be 0 V, indicating that a

discontinuous one-way-direction current was sup-

plied. However, the skewed current form in the

output (Fig. 4b) was observed due to an equivalent

action to an electric circuit of the ED stack. It is

explained that the skewed pattern is the result of

pulse response of an RC differentiator with a

square wave [31]. The output of the current form

of the square wave power was magnified in the

equivalent action to the pulse rising edge of the

input square wave as shown in Fig. 4a. The

magnification is the result of the equivalent action

to resistances in one of electrical elements of the

ED stack according to Ohm’s law at a constant

current (CC) operation. Despite the change of the

output potential of the square wave power, it was

found that there was no difference in change of cell

resistance and total charge supplied between an

ED operation with the square wave power and

that with the DC power. This result is to be further

discussed in this study.

3.2. Determination of EDMFI during desalting

electrodialysis of a NaCl solution containing humate

Fig. 5 shows the upper and lower bound of the

cell voltage with time. The cell voltages above the

trajectory of the average cell voltages correspond

to the cell voltages of the upper bound immedi-

ately after the pulse rising edge and before the

pulse falling edge, and similarly those below the

trajectory the cell voltages of the lower bound

immediately before the pulse rising edge and after

the pulse falling edge as shown earlier in Fig. 4b.

To compare the ED experiment for the square

wave power to the reference experiment for the

DC power, average cell voltage (the average of the

Fig. 3. A schematic diagram of a four-compartment cell for the cell tests.

Fig. 4. (a) Input current pattern for square wave generation with the square wave power; (b) Output current pattern observed during

ED of 0.1 M NaCl solution containing 0.01 wt.% sodium humate with the square wave power (x -axis grid: time scale, 20 ms and y -axis

grid: potential scale, 100 mV).
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cell potentials in upper and lower bound) was

used.

The result of the pulsed power with a frequency

is that the square wave power is turned on and off

by the offset of an input wave. A low frequency

has a long period of the cycle so that it has a

similar electrical property of the DC power.

However, an extremely high frequency also be-

comes nearly the DC power because the changing

time from power on to off status is too short.

Bumbusch et al. [18] reported that the higher

frequency caused a close packing of the foulants

in the gel layer, giving little effect on fouling

mitigation. Likewise, the DC power may cause a

more severely close packing of the foulants in the

gel layer because of a continuous one-way-direc-

tion current. Therefore, it is expected that between

very low and high frequencies there may exist an

optimum frequency of the square wave power that

can disturb the close packing of the foulants in the

gel layer by giving a pulsation effect.

In order to determine the optimum frequency, a

reasonable measure of fouling tendency in ED

should be defined. Lee et al. [6] have suggested

EDMFI as a quantitative measure of the mem-

brane fouling tendency of ED processes in the

presence of organic foulants, derived based on the
model of gel layer formation on the surface of an

ion exchange membrane during an ED operation.

More detailed derivations are found elsewhere [6].

For a CC operation, the equation for the determi-

nation of EDMFI is given as

E(t)

I2
�

Rm

I
�(EDMFI)t (1)

EDMFI�K
Cbrc

CgA2
(2)

where, E (t) is the cell voltage drop at any time, I

the current, Rm the intrinsic membrane resistance,

K the constant that is related to the stack design,

hydrodynamic conditions, species and concentra-

tion of the foulant, Cb the concentration of the

foulant in the bulk solution, Cg the concentration
of the foulant in the gel layer, rc the specific

resistance in the gel layer, A the effective mem-

brane area, and t the elapsed time.

Under the CC operating condition, the EDMFI

can be obtained from the slope of the plot of E (t)/

I2 versus time from Eqs. (1) and (2). The EDMFI

is the resistance loaded by the transport of 1 C of

charge corresponding to concentration of the ionic
substances passing through the AEMs in the ED

stack according to the Faraday’s law. A higher

value of EDMFI indicates a greater fouling

potential, showing a higher resistance of the cell

in the ED stack by the severer fouling on the

surface of the AEMs.

The fouling index for the DC power, which has

an infinite frequency, was the highest value during
the desalting ED of a NaCl solution containing

humate. The indices for the other frequencies of

the square wave power were normalized based on

the DC power as shown in Fig. 6. The results show

that there exists an optimum frequency of the

square wave power leading to a minimum EDMFI

ratio with respect to that of the DC power. More

detailed procedures are found elsewhere [6]. It is
clearly observed that the EDMFI of about 30 Hz

is the lowest value in the curve, compared with

different frequencies of the square wave power. A

substantial difference in the optimum frequency of

the square wave power was found with the types of

the AEMs, i.e. the AMX and AM-1 membrane.

Fig. 5. Time courses of cell voltage observed and averaged cell

voltage by a digital multimeter. Feed solution: 0.1 M NaCl with

0.01 wt.% sodium humate; an operating current density: 6 mA/

cm2.
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An optimum frequency for the AM-1 membrane

in a previous study [6] was found to be about 100

Hz, while for the AMX membrane in this study

about 30 Hz. General features of two AEMs are

shown in Table 1 [23]. Although the exchange

capacity of AMX is slightly lower than that of

AM-1, the transport number of AMX for total

cations and anions still is higher than 0.98, which

is the same value for that of AM-1. The major

difference between two membranes is mechanical

structure, resulting in the difference in membrane

thickness and resistance. The AMX membrane

contains poly(vinyl chloride) (PVC) polymer in

addition to PVC reinforcing fabric, according to

the paste method [24,25]. Therefore, AM-1 has

more loose mechanical structure than AMX.

Consequently, it is expected that the difference in

only mechanical structure between AMX and AM-

1 can cause the dependency of an optimum

frequency to affect mitigation of the membrane

fouling. This different mechanical structure could

be confirmed in changes of RMW size distribution

of the humate in the concentrate compartment as

shown in Fig. 7. In general, large MW organics

such as humate is hard to permeate through the

AEMs. Humate of molecular weight below 2000

permeated through each AEM to concentrate

compartments as shown in Fig. 7, the mean

molecular weight of humate being 500�/600. It is

seen in Fig. 7 that more amount of humate

permeated from the dilutate to the concentrate

through the AM-1 membrane than the AMX

membrane since AM-1 has a relatively loose

mechanical structure than AMX as discussed

earlier. It is assumed that the more humate

competes with the salt to permeate the AM-1

membrane under the DC electric field. In the

contrast, the less humate can participate in the

competition for the AMX membrane due to its

dense mechanical structure, resulting in more

Fig. 6. Normalized EDMFI values with different frequencies of

the square wave power in ED of 0.1 M NaCl solution

containing 0.01 wt.% sodium humate.

Table 1

Properties of anion-exchange membranes

Properties Neosepta AMXa

(used in this study)

Neosepta AM-1a

(used in [6])

Electric resistance (V
cm2)

2.5�/3.5 1.3�/2.0

Burst strength (kg/cm2) 4.5�/5.5 3.0�/3.5

Exchange capacity

(meq./g dry membrane)

1.4�/1.7 1.8�/2.2

Thickness (mm) 0.16�/0.18 0.13�/0.16

Transport number (to-

tal cation or anion)

0.98B/ 0.98B/

Water content 0.25�/0.30 0.25�/0.35

Reinforcing yes yes

a According to the [23].

Fig. 7. The molecular weight distribution of humate trans-

ported into a concentrate with respect to an AEM examined by

a size-exclusion method using a liquid chromatography, Waters

510 (Waters, USA) with a column, Protein-Pak 125 (Waters,

USA).
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steric rejection effect. Due to their competition to
permeate the AM-1 membrane, it is likely that

more frequent pulses are needed so as to give a

strong pulsation effect, resulting in preventing the

competition of humate. Moreover, the decline in

ED performances by membrane fouling phenom-

ena severely occurs while foulants with low electric

mobility pass through a membrane as well as

deposit on the surface of membrane [14]. There-
fore, it is anticipated that the AM-1 membrane

requires a higher frequency of the square wave

power to minimize the opportunity that the

humate permeates through it as well as to disturb

deposition of the humate on the surface of the

membrane for mitigation of the membrane foul-

ing. In order to provide pulsation causing a sort of

a turbulent flow, the square wave power should be
generated at a proper frequency so that under a

non-uniform electric field salts might be easily

transported through the AM-1 or AMX mem-

brane, resulting in minimizing an EDMFI value.

Consequently, the optimum frequency for the

AMX membrane was lower than that of the

AM-1 membrane due to the difference in their

mechanical structures.

3.3. Effect of the square wave power in cell

experiments

To observe effects of the square wave power

with virgin AEMs for a short period of desalina-

tion, cell experiments with a small effective mem-

brane area were carried out in a four-compartment

cell as shown in Fig. 3. The chloride transported

from the compartment III to II and the current
efficiencies were measured with the operation time.

During the experiment the current efficiencies were

calculated by the following relationship,

h�
F ((CIIVII)f � (CIIVII)i)

iAtII

(3)

where, CII is the concentration of chloride in the

compartment II, VII the volume of the solution in

the compartment II, F the Faraday constant,

96 485 C/eq. of electron, i the current density, A

the effective membrane area, tII the time sampled

in the compartment II, and the subscripts, f and i,

the time sampled and previously sampled in the
compartment II, respectively.

No appreciable difference in the amounts of

chloride transported and the current efficiency was

observed between the desalting ED of a solution

without humate under the DC power and under

the square wave power as shown in Fig. 8a. The

results confirmed that the same amount of current

was used during those experiments, irrespective of
the types of power. Also there was no difference in

the cell resistance between two experiments, which

was not shown here, implying that there was no

substantial contribution of the increased potential

at the pulse rising edge of an output current form

to the cell resistance. It is believed that the square

wave power had no pulsation effect just on

transport of salts (inorganic ions) through the
AMX membrane because no hindrance of their

transport through the AEMs occurred. It is noted

that the decrease in current efficiency with time

might be due to development of concentration

polarization with the decreasing concentration of

chloride in the compartment III.

In the presence of humate, the pulsation effect

of the square wave power with 30 Hz of frequency,
however, plays an important role in improving the

performance of desalting tests compared with the

DC power as shown in Fig. 8b. The substantial

decreases in current efficiency of both the DC and

the square wave power experiment with humate

are caused by concentration polarization of salt

depletion as well as particularly deposition of

foulants on the AMX membrane surface. In case
of the experiment with the square wave power at

30 Hz, it is clear that the square wave power

disturbed deposition of foulants on the surface of

the AMX membrane so that the current efficiency

was improved to a level similar to that for the DC

power experiment without humate. The results

demonstrate that the square wave power at 30 Hz

significantly reduced deposition of foulants on the
virgin AMX membrane surface, resulting in dis-

turbing the formation of the close packing of

humate in a gel layer. In fact, under a CC

operation mode used in this study, the flux of

anionic salts through the AEMs should be the

same. In other words, the decreasing rate of

conductivity in a diluate compartment, which is
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almost contributed by the transport of salts,

should be the same in case of all the experiments,

irrespective of the existence of humate. However,

highly negatively charged humate deposited on the

surface of the AMX membrane, then a sort of a

cation exchange layer might be formed, and the

layer eventually becomes a bipolar structure ac-

cording to a postulated model of fouling suggested

by a previous study [1]. Therefore, the transport of

anionic salts might be limited, resulting in the

decrease in the conductivity removal.

3.4. Desalting electrodialysis of a NaCl solution

containing humate

In the cell experiments, it was confirmed that the

optimized square wave power led to the fouling

mitigation of the AMX membrane, resulting from

disturbing the formation of the close packing of

humate in a gel layer on its surface. However,

improvement of the desalting performance by the

optimized square wave power was not distinguish-

ably observed during the desalting ED of a NaCl

Fig. 8. Time courses of the amount of chloride transported through AMX and its current efficiency with the DC power and the square

wave power in (a) 0.1 M NaCl solution; (b) 0.1 M NaCl solution containing 0.01 wt.% sodium humate.

J.-S. Park et al. / Separation and Purification Technology 30 (2003) 101�/112 109



solution with humate using a lab-scale electrodia-

lyzer due to different hydrodynamic conditions. In

order to observe a noticeable improvement of the

performance in a lab-scale desalting ED process

(using a TS-1-10 electrodialyzer) for a long period

of desalination, the AMX membranes severely

fouled by humate during the desalting ED were

used in the following experiments. The ED per-

formance was compared in terms of conductivity

removal in a diluate and cell resistance depending

on the type of the power supplied to the electro-

dialyzer and the existence of humate in a NaCl

solution. In the presence of humate in a NaCl

solution, a decrease in conductivity is much slower

than a reference experiment with the DC power as

shown in Fig. 9. The total operation times were

found to be about 135 min for the reference

experiment without humate, 150 min for the 30

Hz square wave power with humate and 190 min

for the DC power with humate. The trend is

consistent with the previous discussion in this

study based on the postulated model of fouling

due to a bipolar structure. The optimized square

wave power can disturb the formation of the close

packing of humate in a gel layer on the fouled

AMX surface to some extent. However, it should

be noted that the highly fouled membrane by

humate might have a bipolar structure according

to the postulated model, where the optimized

square wave power also led to the enhancement

of salt transport within the gel layer. This result

implies that the optimized square wave power

could substantially recover the performance of a

fouled membrane.

Fig. 10 shows time courses of cell resistance

observed in three experiments. Compared with the

reference experiment, the cell resistance of the DC

power experiment with humate is higher in the

beginning and increases much faster than other

experiments even though the salt in a diluate is not

completely depleted as shown in Fig. 9. In case of

the DC power experiment without humate, the

increase in cell resistance might be due to the salt

depletion. The increase in cell resistance for the

DC power experiment with humate might be

dominantly contributed by deposition of foulants.

In case of the 30 Hz square wave power experi-

ment, despite the presence of humate the cell

resistance is similar to the reference experiment

as shown in Fig. 10. The increase in the cell

resistance begins after 100 min of the operation

time. In general, the increase in cell resistance

during the desalting ED is caused due to the

concentration polarization by the severe depletion

of ionic substances in diluate as discussed earlier.

Fig. 9. Time courses of conductivity of NaCl in diluate solution

during ED 0.1 M NaCl solution with or without 0.01 wt.%

sodium humate with the DC power and 30 Hz square wave

power.

Fig. 10. Time courses of cell resistance of stack during

electrodilaysis of 0.1 M NaCl solution with or without 0.01

wt.% sodium humate in diluate solution with the DC power and

30 Hz square wave power.
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After 100 min of the operation time, the difference
in the conductivity between the DC power experi-

ment without the humate and the 30 Hz square

wave power experiment with the humate in the

diluate occurs as shown in Fig. 9. The cell

resistance sharply increases after 120 min of the

operation time. At the corresponding time, the

conductivity of the 30 Hz square wave power

experiment with the humate is higher than the DC
power experiment without the humate. Therefore,

the sharp increase in the cell resistance in the

square wave power experiment with the humate

is dominantly due to the net effect of the

humate, while in the DC power experiment with-

out the humate is due to the concentration

polarization.

4. Conclusions

The square wave pulsed power was examined in

ED, providing a pulsation effect near the surface

of AEMs to prevent the foulants from forming the

close packing. In the presence of humate, the

optimized square wave power at 30 Hz improved
the ED performance to some extent similar to

those in the desalting ED of a NaCl solution

without humate in the cell and stack experiments.

The results revealed that the optimized square

wave power provided a pulsation effect to mitigate

the fouling of the AMX membrane in the ED stack

by disturbing the formation of a sort of a bipolar

structure by the close packing of humate on the
AMX membrane as well as enhancing the salt

transport within the gel layer, resulting in a long

period of an ED operation without CIP and lower

power consumption. It was also observed that the

optimum frequency is depending on the structural

difference. Therefore, it is crucial to determine an

optimum frequency according to a type of AEM to

employ this pulsed electric field for mitigation of
the AEM fouling.
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