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Abstract—Since membrane fouling is one of the important considerations in electrodialysis, many approaches have
been considered in order to minimize fouling of the process. In this study, square wave powers having pulsing effects
were employed to investigate the effects of the frequencies on the fouling mitigation during fouling experiments of
humate, forming a loosely packed fouling layer on the anion exchange membrane surface. It was shown that a pulsing
electric field with determined optimal frequency reduced the fouling potential of an already fouled system in repeated
batch runs at a significant level. It was suggested through electrodialysis experiments of humate that the pulsation of
the electric field affected the electromigration of the charged patrticles deposited in the fouling layer, thus decreasing
fouling potentials.
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INTRODUCTION due to reactions on the electrode surface. As one of the methods to
overcome the problem, the pulsing DC electric field was examined
Applications of electrodialysis (ED), which uses the electrical with process variables such as the applied electric field, the pulse
potential as a driving force with ion exchange membranes, can biaterval, the pulse duration and the feed solutions [Bowen et al.,
found in the environmental and biotechnological industries as welll992; Oussedik et al., 2000].
as in conventional fields, such as production of table salt and desali- In the case of electrodialysis, the electrodialysis reversal (EDR)
nation of seawater [Kang et al., 2002; Choi and Jeong, 2002]. litnas been used to prevent inorganic fouling (scale) in desalination of
spite of the perspectives of ED, fouling of ion exchange membranebrackish water with the cathode and anode being changed periodi-
is one of the most significant considerations in the design and opzally, thus the diluate and concentrate compartments being changed.
eration of the electrodialysis process. It is known that most foulant3 herefore, the material of the electrodes and the period to change
(humate, biomass, proteins, surfactants and others) existing in martiye polarity should be carefully considered in the EDR system [Scott,
streams have negative charges, and thus anion exchange membral@35]. It was reported that fouling of the process could be miti-
are fouled by chemical adsorption of foulants, followed by deposi-gated without change of the polarity of the electrodes in ED by us-
tion on the surfaces [Linstrand et al., 2000]. ing the half-wave power, generated from AC (alternating current)
Many approaches, including pretreatment of the feed solutionusing one diode allowing current to flow in only one direction. It
increase in the flow rate, and optimization of process conditionsyas observed that the half-wave power could reduce the fouling
have been considered to minimize membrane fouling during elecpotentials and improve the desalting performances of the solutions
trodialysis [Lee et al., 2002b; Park et al., 2003a; Lee, 2002; Sheikeontaining foulants [Lee et al., 2002c, 2003]. However, it was dif-
holeslami, 1999]. The approaches reduce fouling during electroficult to investigate the influence of frequency on fouling mitiga-
dialysis to some extent. However, cleaning-in-place (CIP) is stilltion since the half-wave power used only a frequency of 60 Hz from
needed in practical membrane processes in order to recover préC.
cess performances especially during the extended period. Chemi- In the previous results, square wave powers were supplied, which
cal cleaning is one of the most important and extensively used mettis a modified DC power source with a function generator and a power
ods, which requires additional chemicals and has difficulty in appli-transistor to give pulsation effects on the DC electric field. The re-
cations during ED operation [Scott, 1995]. sults of fouling experiments of humate showed that the square wave
Of methods to reduce fouling potential in pressure-driven mem-powers reduced membrane fouling with an optimal frequency due
brane processes, it was reported that the application of electric fielde different properties of foulants and membranes [Lee et al., 2002b;
could be a very effective means to remove deposits from memPark et al., 2003b]. However, the previous electrodialysis experi-
brane surfaces [Huotari et al., 1999; Bowen et al., 1997]. Also, thenents in the presence of humate were performed during a some-
DC (direct current) electric fields created a higher filtrate flux evenwhat short period. In this study, the effect of frequency on fouling
in the presence of bovine serum albumin during ultrafiltration, themitigation was further examined in extended long-term operation
gel layer on the membrane surface being completely removed [Zunand repeated batch runs.
bush et al., 1998]. However, the process performance was decreasedThe objectives of this study are (i) to investigate the frequency
influence of the square wave powers on fouling mitigation during
To whom correspondence should be addressed. an extended period (over 10 hours), and (i) to observe fouling miti-
E-mail: shmoon@gist.ac.kr gation in the pulsing electric field having an optimal frequency dur-
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ing three consecutive batch runs. 0.07

0.06

EXPERIMENTAL
0.05 -
Humate having highly negative charges and a high molecula
weight was used as a synthetic foulant in electrodialysis of NaC  o0.04 4
solution [Lee et al., 2002a]. The apparent molecular weight distri- 2
bution of humate was measured with a size exclusion method i
high performance liquid chromatography (HPLC-SEC), which lar-
ger molecules pass quickly through a column and smaller molecule
proceed through longer pathways. Using a column Protein Pak 12 0.1 -
(Waters, USA), a buffer solution with NaHP&nhd NaHPQO, (pH
6.8) was pumped at a flow rate of 0.7 ml/min from Waters 510 (Wa- %0 . 2000 000 5000
ters, USA). Molecular weights were calibrated with PSS (polystryrene
sulfonates) standards of MW 4,000, 6,000, 18,000, and 80,000 de
tons (Polyscience, USA) by using a UV detector, M 720 (Young-Fig. 1. Molecular weight distribution of humate in the feed solu-
Lin, Korea) at 254 nm [Lee et al., 2002d]. tion.
The two-cell pair unit consisting of CMX and AMX (NEOSEPTA,
Tokuyama Corp., Japan) with an effective area of 16@aoh was 1. Determination of the Optimum Frequency for the Pulsing
assembled in a TS-1 electrodialysis stack with flow-sheet spacefSlectric Field
(Tokuyama Corp., Japan). Table 1 shows the properties of the ion The molecular weight (MW) distribution of humate in the initial
exchange membranes [Strathmann, 1990; Tokuyama Corp., 1995]iluate solution (feed solution) was measured by using the HPLC-
The initial diluate solution in each experiment was 5.0 L of 0.1 M SEC method, and the result is shown in Fig. 1. As shown in the fig-
NaCl containing 100 mg/L of sodium humate (Aldrich, USA). Five ure, the average molecular weight of humate in the feed solution
liters of 0.05M NaCl was used as an initial concentrate solutionwas about 3,400 g/mol. In the previous result, the electrokinectic
The flow rates of the diluate and concentrate solutions were mainproperty (the zeta potential) was measured to be witilirand-25
tained as 0.2-0.3 L/min. As an electrode rinse solution, 800 mL oimV over the measured pH range (pH 3 to 8). The fouling effects
3% NaSO, was used. The electrodialysis experiments were per-on the anion exchange membranes are assumed to be due to the
formed for 10 hours or longer, and the end point of each experinegative charge density and the high molecular weight [Lee et al.,
ment was determined as the time when the desalting rate reach802a].
at a steady state. The results of electrodialysis experiments during the extended
DC power with a constant current of 0.6 A (current density: 6.00peration time using the square wave powers with various fre-
mAJ/cnt) was supplied during electrodialysis experiments as a refquencies are presented in Figs. 2 and 3. In a constant current mode,
erence experiment. The frequencies were varied with various frdittle difference was observed in the time course of NaCl concen-
guencies (10 Hz, 25 Hz, 50 Hz, 100 Hz and 200 Hz) for the squarération in diluate solutions even when experiments were carried out
wave powers in order to observe the influences of the frequencieduring enough time for humate to deposit on the membrane sur-
in the pulsing electric field on the fouling in the presence of humateface during electrodialysis (Fig. 2). Fig. 3 shows the cell resistance
After the optimal frequency for the square wave power was deterehange of the stack according to NaCl concentration in diluate solu-
mined in the 2 cell pair unit of CMX and AMX, batch runs were tion. As shown in the figure, the square wave powers having pulsa-
repeated without cleaning procedures to investigate the effects dion effects on the electric field for all examined frequencies repre-
electric pulses on already fouled membranes. The anion exchangented lower values than those of the DC power especially at low
membranes were fouled at the first and second batches using tidaCl concentrations. In the electrodialysis experiments in the pres-
DC power. Then the square wave pulse power of the determinednce of humate, it was reported that the humate fouled membranes

0.03 A

0.02 A

Molcular Weight (g/mol)

optimal frequency was supplied to the fouled system. through deposition, followed by formation of the loosely packed
fouling layer rather than the fouling gel layer [Lee et al., 2002a; Song,
RESULTS AND DISCUSSION 1998]. Also, it was observed that the pulsation of the electric field

Table 1. Characteristics of commerial ion exchange membranes

CMX AMX
Specific properties High mechanical strength High chemical resistance
Type Strong cation-permeable (Na-form) Strong anion-permeable (Cl-form)
Electric resistance (Ohm én 2.5-35 35
Water content (gkD/g-dried membrane) 0.25-0.30 0.25-0.30
Exchange capacity (meg/g-dried membrane) 15-1.8 2 25
Thickness (mm) 0.17-0.19 0.16-0.18

2Data were referred in the reference of Lee et al., 2002a.
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sults are summarized in Table 2. The current efficiency (CE) shown

® DC power in the table was estimated by NaCl molecules transported per ac-
O 10Hz cumulated electrical charges during electrodialysis:

O 25Hz

A 50Hz ZF(NV'-N'V")

v 100 Hz CE=100x——~ @)

& 200 Hz

where z is the electrical valence, F the Faraday constant, N the nor-
mal concentration of electrolyte, i the current density, and t the op-
% eration time, V the operation volume, and A membrane area. The

superscripts, f and i, denote final and initial state, respectively. The
characteristic values in the transport rates of NaCl for the pulsing
electric field with different frequencies and the DC power were found
0 ; ; ' ; ; ; as 2.0 molirhhr or higher. It is assumed that the flux of NaCl through
0 100 200 300 400 500 600 700 . .. .

ion exchange membranes is independent of the pulsation effects on
the electric field, only depending on the accumulation of electrical

Fig. 2. Changes of NaCl concentration in diluate solutions for var-  charges [Lee, 2002].

20 H

NaCl concentration in diluate (mM)

Time (min)

ious frequencies. The results of the power consumption and the current efficiency,
however, showed notably different values between different fre-
15 ® guencies and the DC power in Table 2. Considering the current effi-
ciency as a function of frequency, the current efficiencies for the
d ® DC power frequencies of 100 Hz, 200 Hz and the DC power showed below
21 e 8 ;g :z 90%, while those for lower frequencies (10 Hz, 25 Hz, and 50 Hz)
0 e A 50Hz showed higher than 90%. In particular, the current efficiency for
9 v 100 Hz 50 Hz showed the highest value among the examined frequencies.
© O 200Hz It is noted that pulse powers with high frequencies (100 Hz and 200

Hz) showed lower current efficiencies than the DC power. The high
frequency seemed to have a rather compacting effect on the foul-
ing layer. The power consumption for the different power sources
showed significantly different results, including that the pulsing elec-
tric fields led to a lower power consumption compared to the char-
acteristic value of the DC power (16.42 wh/mol NaCl). Also, the
sguare wave power of 50 Hz showed the least value, disturbing for-
NaCl concentration in diluate (mM) mation of the fouling layer. It is considered through the experimen-
tal results that the pulsing electric field reduced the fouling rate in
electrodialysis of solution containing humate and that the optimal
frequency was determined as 50 Hz to minimize fouling potential
gave electromigration of the foulant deposited on the anion exchangde the fouling experiments.
membrane surface, thus decreasing fouling potential. Considering. Enhancement of ED Performance in Repeated Batch Runs
the cell resistance changes with the frequencies, the low frequen- In the repeated batch runs, the DC power was supplied at the first
cies (10 Hz and 25 Hz) and the highest frequency (200 Hz) showednd second batches; then a square wave pulse power of 50 Hz was
higher resistances than the other frequencies. The frequencies sfipplied to the already fouled system. The results were compared
50 Hz and 100 Hz showed the least values, assuming that there @r-terms of conductivity changes, cell resistance changes, and the
isted an optimal frequency for fouling mitigation. fouling index. In Fig. 4, the conductivity in diluate at the second
The electrodialysis performance for various frequencies was conmbatch shows the values of 1.8 mS/cm, greater than the first batch
pared with those of the DC power in terms of resulting parameterslue to humate deposition. Then, that of the third batch decreased
(NaCl flux, current efficiency and power consumption), and the re-to 0.9 mS/cm, the similar level of the first batch (See Table 3). Fur-

Cell resistance (Ohm)

Fig. 3. Changes of cell resistance for various frequencies.

Table 2. Performance with different frequencies in electrodialysis of humate

Power source Flux of NaCl (molfnfr) Current efficiency (%) Power consumption (wh/mol NacCl)
Frequency of 10 2.02 92.1 8.66
the square 25 2.04 93.2 9.00
wave pulse 50 2.09 94.5 7.35
power 100 2.13 87.5 10.14
200 2.00 88.3 9.20
DC power 2.04 90.5 16.42
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Fig. 4. Conductivity changes in diluate solution in the repeated
batch runs.

Table 3. Summary of repeated batch runs in electrodialysis of hu-
mate

Value at the final of each batchrun
Fouling index

Batch runs (_:onductivity in Cell resistance (OhmV/A - min)
diluate (mS/cm) (Ohm) (Fig. 6)
(Fig. 4) (Fig. 5)

First batch 0.8 19.0 0.0006
(DC power)

Second batch 18 219 0.0041
(DC power)

Third batch 0.9 7.1 0.0014
(50 Hz)

creased only to 7.1 Ohm (one third of the second batch), demon-
strating that the pulsing power reduced fouling potential in the fou-
ling experiments of humate (See Fig. 5 and Table 3).

The membrane fouling index for electrodialysis (EDMFI) was
used in this study for the quantitative analysis of the fouling mitiga-
tion during electrodialysis, which was defined previously [Lee et
al., 2002d]. Under a constant current condition, the fouling index is
obtained between the elapsed time arid E/I

glzg :RTm +EDMFI*t, @)

Here, EDMFI can be defined as follows:

—1 Gl

EDMFI KCQAZ ©)
where, E(t) is the cell voltage drop, | the operating currerthdR
intrinsic membrane resistance, K the constant related to the stack
design, hydrodynamic conditions, species, and foulant concentra-
tion, G, the foulant concentration in the bulk solutiog,tf@ fou-
lant concentration in the gel layer, A the effective membrane area,
and t the elapsed time. A higher value of the EDMFI, estimated in
the relationship between the elapsed time aAdriglicates a higher
fouling tendency. Changes in fouling potentials were compared by
using the membrane fouling indices in Fig. 6. The EDMFI of the
second batch in the repeated batch runs showed a much higher val-
ue (about 7 times) than that of the first batch due to increasing amount
of the deposited foulant on the membrane surface (See Table 3).
Using the square wave power with an optimal frequency of 50 Hz,
the fouling index of the third batch decreased to 0.0014 Ohm/A.-
min, which is one-third of the value for the second batch. During
fouling mitigation with a pulsing electric field, one cycle of pulsing
may be divided into three stages [Czekaj et al., 2000]: (i) formation
of the fouling layer on the membrane surface due to electromigra-

ther, notable differences in the cell resistances were observed btien of foulants, (i) movement of the charged foulant in the pulsing
tween the DC powers (at the first and second batches) and the puldectric field with the opposite direction, and (i) movement of the
ing electric field at 50 Hz (at the third batch). The cell resistanceparticles dispersed in the boundary layer near the membrane sur-
increased up to 19.0 Ohm at the first batch and showed a highdéace and the fouling layer formation of a layer on the membrane
value at the second batch due to humate deposition. However, th~

cell resistance at the third batch using the square wave power it

25

First batch
(DC power)

Second batch
(DC Power)

Third batch
(50 Hz)

20 A

a
a
!

Cell resistance (Ohm)

0 200 400 600 800 1000 1200 1400 1600 1800
Elapsed time (min)

Fig. 5. Cell resistance changes in the repeated batch runs.
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Fig. 6. Changes of foluling potentials in the repeated batch runs
using the fouling index (the lines in the graph were calcu-
lated from Eq. (2)).
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Anion exchange
membrane

Measured voltage drop
in the pulsing electric field

Humate O—

Ry R¢ Rn

(a) Electromigration toward the anode followed by accumulation on the membrane surface,
causing a positive potential

Rbl Rf Rm

(b) Decrease in the fouling layer thickness due to movement away from the deposited
fouling layer, causing a negative potential

Fig. 7. lllustration showing the influence of the pulsing electric field on the movement of humate.

surface again, which depends on the pulse period and the electiétearly shown in the repeated batch runs that a pulsing electric field
field. with the optimal frequency reduced the fouling potential. Through

The fouling mitigation effects may be understood by the seconcelectrodialysis experiments of humate, it was suggested hat the pul-
and the third stages during electrodialysis under the pulsing electrisation on the electric field using the square wave powers enhanced
fields [Lee et al., 2002d]. It was assumed to be due to the movehe mobility of the charged foulants away from the fouling layer
ment of the charged foulants away from the membrane surface duon the membrane surface, decreasing the electric resistance of the
ing electrodialysis. When the constant current is supplied with aelectrodialysis cell. The use of the pulsing electric field showed the
square wave profile having positive potential, the charged particlefeasibility of removal of the foulant as a cleaning-in-place method
move toward the anode resulting in the positive potential (See Figo enhance the ED performance even in an already fouled system.
7a). Meanwhile, the charged particles move away from the mem-
brane surface when the current is shut-off in the pulsing electric field, ACKNOWLEDGEMENT
showing negative potential (See Fig. 7b) [Czekaj et al., 2000; Rog-
ers and Sparks, 1992]. The pulsation effect on the electromigration This work was supported by the National Research Laboratory
of the foulant will be small at high frequencies (100 Hz and 200(NRL) Program of Korean Institute of Science and Technology Eval-
Hz in this study) due to short periods as shown in the results [Zunmdation and Planning (KISTEP) (Project No. 2000-N-NL-01-C-185).
bush et al., 1998].

NOMENCLATURE
CONCLUSION
A :effective membrane area{m
In this study, square wave powers having different frequencieC, : humate concentration due to pulsing effect in Fig. 7 [mol/

in electric fields were employed to investigate the effects of the fre- L]
guencies on fouling mitigation during extended operation of foul-C,, : humate concentration without pulsing effect in Fig. 7 [mol/
ing experiments. The optimal frequency to minimize fouling poten- L]

tial was determined as 50 Hz after the resulting parameters relatig  : cell voltage drop [V]
to the electrodialysis performances were compared. Also, it waf  : Faraday constant [96500 C/eq]
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I : operating current [A] Using Pulsing Electric Fields in Electrodialysis of Lactate Contain-
K :constant used in Eq. (3) ffoulomb] ing BSA} Korean J. Chem. Engl9, 880 (2002d)
N  :normal concentration [eq/L] Lee, H.J., Oh, S.J. and Moon, S. H., “Recovery of Ammonium Sul-
R, :boundary layer resistance [ohm] fate From Fermentation Waste by Electrodialygisfer Research
R. :fouling layer resistance [ohm] 37,1091 (2003).
R, :membrane resistance [ohm] Lee, H. J., “Studies on Fouling of Anion Exchange Membranes and
V  :operation volume [L] Fouling Mitigation in Electrodialysis; PhD Dissertation, Kwangju
[ : current density [A/rf] Institute of Science and Technology (2002).
t : elapsed time [min] Lindstrand, V., Sundstrém, G. and Jénsson, A., “Fouling of Electrodial-
z : electrical valence [-] ysis Membranes by Organic Substand@s&alination 128 91
(2000).
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