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Abstract−−−−Fouling tendency in electrodialysis was investigated using the electrochemical and physical properties of
the foulants and ion exchange membranes. It was found that bovine serum albumin (BSA), a large molecular weight
protein, fouled the AMX membrane irreversibly by deposition on the membrane surface. Electrodialysis experi-
ments of lactate with 1.0 wt% of BSA were performed using the square wave powers at different frequencies to
examine the pulsing power influences as a fouling mitigation method, and the results were compared with the data
obtained using the DC power. Reduced fouling potentials were observed when the square wave powers were used in
the electrodialysis of lactate and confirmed the membrane fouling index for electrodialysis (EDMFI). The pulsing
electric fields enhanced the mobility of the charged particles in the fouling layer and decreased the electric resistance
of the electrodialysis cell. It was clearly observed that the pulsing electric fields with different frequencies reduced
the fouling potentials, and consequently the power consumption was reduced significantly as a fouling mitigation
method.
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INTRODUCTION

Electrodialysis (ED) is a membrane process using an electrical
potential difference as a driving force [Kang et al., 2002; Choi and
Jeong, 2002]. Applications of ED can be found in environmental
and biochemical industries as well as in the production of table salt
and the desalination of seawater. In spite of the perspectives of ED,
fouling of ion exchange membranes is the most significant limita-
tion in the design and operation of the electrodialysis process. Foul-
ing occurs in many streams due to organic foulants, such as humate,
biomass, proteins, surfactants and others [Lee et al., 2002].

It is generally accepted that the flux decline caused by proteins
present in the bioprocess streams is attributed to the following phe-
nomena during membrane processes: (i) protein adsorption, (ii) pro-
tein deposition, and (iii) mass-transfer limitation due to accumula-
tion of retained proteins on the surface of the membrane [Marshall
et al., 1993; Belfort et al., 1994; Chang et al., 2000]. Fouling of BSA,
a large molecular protein, proceeds in two consecutive steps during
a membrane process. In the first step, the pre-adsorption of BSA
results in a flux decline with only a minimal effect over the initial
stage of filtration due to the absence of any protein retention [Bel-
fort et al., 1994; Choi et al., 2000]. In the second step, fouling oc-
curs due to cake filtration by the formation of a compressible pro-
tein deposit (or cake) on the surface of the membrane [Jönsson and
Jönsson, 1996; Benavente and Jonsson, 1998]. The transition be-
tween these two steps depends on the membrane structure and bulk

protein concentration [Kelly and Zydney, 1995].

QUANTITATIVE ANALYSIS OF FOULING
MITIGATION IN PULSING ELECTRIC FIELDS

Although chemical cleaning is the most extensively used me
od for CIP (cleaning-in-place) and fouling control in membrane p
cesses [Sheikholeslami, 1999; Scott, 1995], the application of e
tric fields has been tested and was found to be an effective m
to remove deposits from membrane surfaces in pressure-driven m
brane processes [Bowen and Ahmad, 1997; Guizard and Rios, 1
Oussedik et al., 2000]. It was reported that the DC electric fie
created a higher filtrate flux with a protein solution than with pu
water in a system fouled with BSA (bovine serum albumin), 
gel layer on the membrane surface being completely removed 
wen, 1993; Huotari et al., 1999]. The DC electric field has be
studied with process variables such as the applied electric field
pulse interval, the pulse duration and the feed solutions in the p
sure-driven membrane processes [Bowen and Ahmad, 1997; Z
bush et al., 1998; Bowen et al., 1989; Bowen and Sabuni, 1992

Recently, the pulsing electric fields with different frequenci
demonstrated an ability to minimize membrane fouling when app
at an optimal frequency as both a fouling mitigation and a CIP m
od in electrodialysis [Lee et al., 2002]. Instead of physicochem
methods for fouling mitigation, the application of pulsing elect
fields was assumed to provide turbulence effects, resulting in
movement of charged species away from the membrane su
and improving the permeability of ions through ion exchange me
branes.

It is of importance to analyze the fouling mitigation quantitative
using a defined fouling index. In this study, the reduced fouling 
tentials by pulsing electric fields were analyzed quantitatively 
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ing the membrane fouling index for electrodialysis (EDMFI), which
was defined as the slope between time and E(t)/I2 under a con-
stant current [Lee et al., 2002; Lee and Moon, 1998]:

(1)

It is suggested that a pulsing electric field gives perturbations with-
in the fouling layer formed on the membrane surface. However, it
is difficult to estimate the fouling layer thickness precisely although
the mass balance can be used to obtain the amount of deposited foul-
ant. The fouling layer thickness in the fouling gel layer model was
expressed as follows [Lee et al., 2002]:

. (2)

Of the parameters in Eq. (2), the values of K and Cg are assumed
to be dependent on the operating conditions. The resulting equa-
tions for the ratios of the EDMFIs and the fouling layer thicknesses
under DC power and a pulsing electric field show the same results:

(3)

(4)

where the subscripts, pulse and DC, mean the cases of the pulsing
electric field and the DC power, respectively. The equations imply
that differences in the fouling index directly represent the thickness
of the fouling layer.

The influences of pulsing electric fields on fouling mitigation
can be estimated by the changes in the fouling layer resistance and
the membrane resistance. The membrane resistance, Rm, was esti-
mated from the intercept at the y axis in the plot between time and
E/I2. The fouling layer resistance of the effective membrane area,
Rf, is the product of the thickness and the specific resistance of the
fouling layer [Lee et al., 2002; Lee and Moon, 1998]. Thus, Rf is
estimated by using the fouling index, i.e.:

(5)

where Q is the accumulated electrical charge over the period of an
experiment.

The objective of this study is to observe fouling phenomena dur-
ing the electrodialysis of a solution containing BSA. Also, fouling
mitigation by the pulsing electric fields with various frequencies
was examined quantitatively using the fouling index.

EXPERIMENTAL

1. Characterization of BSA
Bovine serum albumin (BSA) solutions were prepared from the

heat-shock-precipitated BSA (Sigma, USA). It was reported that
BSA has a net negative charge of −25 mV at pH 7.4 and a molecu-

lar weight of 68,000. The isoelectric point of BSA is known to 
pH 4.8 [Do and Elhassadi, 1985; Pieracci et al., 1999]. All BS
solutions were stored at 4oC and used within 48hours of preparatio
For determination of BSA concentration, the UV absorbance w
measured at 280 nm with a UV-Visible spectrophotometer (Lam
12, Perkin Elmer) with a 1 cm quartz cell. The pH effects on 
zeta potentials were investigated after the pH was adjusted with
N HCl and 0.1 N KOH. The zeta potential was estimated from 
measured electrophoretic mobility in an electrophoretic appar
(ELS-8000, Otsuka Electronics, Japan) [Oka and Frusawa, 199
2. Characterization of the Anion Exchange Membranes

An anion exchange membrane (NEOSEPTA® AMX, Tokuyama
Corp., Japan) was used in this study. Characterized propertie
cluded the hydrophobicity, electric resistance, ion exchange ca
ity and the zeta potential. Using a sessile drop technique, the co
angles of deionized water on the surface of the dried membr
were measured by a contact angle meter (FACE CA-S150, Ky
Interface Science, Japan) [Zhang et al., 1989]. The virgin and fo
AMX membranes were pre-soaked in 0.1 N NaOH solution to 
change the counter-ion from Cl− to OH− [Yoshida et al., 1998]. After
the surface water was removed, the concentration of OH− was es-
timated by the amount of 0.01 N HCl consumed during titration
an end-point of pH 7. The exchange capacity was expressed as
g-dried membrane. The electric resistance in a 0.5 M NaCl s
tion at 25oC was measured with an LCZ meter (NF 2321, NF Ele
tronic Instruments, Japan) set at 100 KHz and expressed as Ω-cm2

[Lindstrand et al., 2000]. The streaming potentials of the membr
surface were measured with a streaming potential measuremen
(BI-EKA, Brookhaven Instruments Corp., USA) and the correspo
ing zeta potentials were then calculated from the Smoluchow
Helmholtz equation [Möckel et al., 1998].
3. Fouling Mitigation of a Solution Containing BSA Using
Pulsing Electric Fields

To observe the fouling phenomena, a 2-cell pair unit consis
of CMB and AMX membranes (NEOSEPTA®, Tokuyama Corp.,
Japan) with an effective area of 100 cm2 each, was assembled in 
TS-1 electrodialysis stack with flow-sheet spacers (Tokuyama Co
Japan). Lactic acid was purchased from Junsei Chemical (Ja
and synthetic solutions of sodium lactate were prepared for e
trodialysis by adding NaOH to lactic acid solution until the p
reached 5.5 [Kim and Moon, 2001]. As an initial dilute solutio
1 L of 80 g/L sodium lactate was used for the reference experim
and 1.0% (w/v) of BSA was added for the fouling experiments. O
liter of a solution containing 30 g/L of sodium lactate was prepa
for an initial concentrate solution. Both solutions were circulated
a flow rate of 0.25 L/min. For an electrode rinse solution, 800 m
of 3.0% Na2SO4 was circulated during electrodialysis. Constant dire
current was supplied at 0.6 A (current density 6.0 mA/cm2) through-
out electrodialysis experiments. For all experiments, the final 
value in the dilute solution was around 5 to prevent coagulation
the BSA particles in the solution.

In a series of experiments, square wave powers having var
frequencies were used to observe the influence of the pulsing 
tric fields on the fouling potentials during electrodialysis of BS
and their performance was compared with those of the DC po
The square wave powers were supplied during electrodialysis
using a function generator (33210A, Agilent, USA) and a dual ty
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power supplier (UP-100D, Unicorn, Korea) connected to an am-
plifier [Lee et al., 2002]. The current patterns of the square wave
powers were observed with an oscilloscope (HP 5820 B, Hewlett
Packard, USA) set at 150MHz and were collected by a data acquisi-
tion system in a computer. The cell voltage drop was measured by
a digital multimeter (34401A, Agilent, USA) during electrodialysis
of BSA.

The concentration of lactate was measured by liquid chroma-
tography (Waters 600, Waters, USA) with an analytical column
(Aminex HPX-87H, BIO-RAD, USA). A mobile solution (0.01 N
H2SO4) was supplied at 0.6 ml/min and the response was detected
at 210 nm with a UV spectrometer (M710, Young-Lin, Korea) [Kim
and Moon, 2001].

RESULTS AND DISCUSSION

1. Characteristics of BSA and Fouling Phenomena During the
Electrodialysis

The fouling potentials in membrane processes are related to the
interaction between the membrane surfaces and foulants in the solu-
tion, depending partly on the electrochemical properties of the mem-
branes and the foulant and partly on their hydrophobicity, as well
as other physical properties [Schoeman and Thompson, 1996]. It is
known that the electrochemical interactions can be determined by
the zeta potential [Zhu and Nyström, 1998]. Fig. 1 illustrates the
zeta potential values of BSA as a function of pH. The zeta poten-
tials were highly negative under high pH values of the solution, while
they became more positive at low pH values of the solution. The
zeta potential approached zero at pH 4.7, corresponding to the iso-
electric point (IEP) [Do and Elhassadi, 1985; Zhu and Nyström,
1998]. Since the pH values of the dilute solution throughout the ex-
periments were between 5.0 and 5.5, BSA was assumed to have
negative charge and the deposition of the protein occurred on the
AMX membrane surface with positively charged functional groups.

The AMX membranes were soaked for two days in solutions
with various concentrations of BSA to determine the minimal con-
centration of BSA fouling on the membrane surface. The electrical
resistances of soaked AMX membranes were measured with an
LCZ meter and the results are shown in Fig. 2. Fouling effects were
clearly observed at the BSA concentration of 1.0 wt% or higher.

Therefore, the concentration of BSA in the solution for fouling e
periments was determined as 1.0 wt% throughout study.

To study the influence of BSA on the transport of lactate, el
trodialysis experiments were performed according to the follow
steps: (i) electrodialysis of lactate, (ii) fouling experiment of lacta
in the presence of BSA, and (iii) electrodialysis of lactate. Lit
difference was observed in the conductivity decreasing rate in
dilute solution, and in the lactate transport rate into the concen
solution did not decrease even in the presence of BSA (data
shown). However, the cell resistance increased significantly in
presence of BSA, as shown in Fig. 3. The result indicates that
sorption of BSA on the anion exchange membrane surface fo
the membrane during electrodialysis.

Table 1 summarizes the electrodialysis performance in term
lactate flux, current efficiency and power consumption. The flux
lactate was nearly unchanged, even in the presence of BSA
acuse the experiments were carried out in a constant current m
However, the performance of the fouled membrane was not re

Fig. 1. Influence of the solution pH on the zeta potential (BSA con-
centration: 1.0 wt% in 10 mM KCl).

Fig. 2. Electric resistance as a function of BSA concentration (fre-
quency: 100 KHz, electrolyte: 0.5 M NaCl).

Fig. 3. Influence of BSA on cell resistances according to time (2
cell pairs of CMB and AMX, operating current density:
6.0 mA/cm2).
September, 2002
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ered due to the deposition of BSA. In particular, the power con-
sumption during the fouling experiment with BSA increased by 41%.
The results imply that the BSA fouled the anion exchange mem-
brane irreversibly. It was found that the current efficiency and the
power consumption were not recovered during the second elec-
trodialysis of lactate without BSA.

Changes in the properties of the virgin and fouled membranes
are crucial since a foulant causes the electrochemical and physical
properties of the membranes to change. Table 2 shows the changes
in the electrical resistance, hydrophobicity, exchange capacity and
the zeta potential after the AMX membrane was fouled in the pre-
sence of BSA. The deposition of BSA did not significantly affect
the electrical resistance and hydrophobicity of the AMX membrane.
However, the exchange capacity of the fouled membrane decreased
by 42%, and the zeta potential became more negative due to ad-
sorption of BSA on the surface.
2. Fouling Mitigation During the Electrodialysis of Lactate
with BSA

The electrodialysis performance was investigated in terms of c
ductivity changes, transport rate of lactate into the concentrate s
tion, cell resistance changes and power consumption during the 
trodialysis experiments with the application of square wave pow
set at different frequencies. The results were compared with thos
the DC power. Little difference in the conductivity changes and 
transport rates of lactate was observed between the pulsing 
tric fields and the DC power (data not shown). However, the 
resistances in the experiments with the pulsing electric field sho
somewhat lower values when compared to those of the DC po
(Fig. 4). For all experiments the resistance increased with elap
time due to the deposition of BSA on the surface. It is interes
that application of different frequencies resulted in different fouli
effects. Pulsing electric fields with lower frequencies (10 Hz, 25
and 50 Hz) reduced the fouling potentials compared with the res
of the DC power. In particular, the square wave power at a 
quency of 50 Hz minimized the cell resistance. Meanwhile, the p
ing electric fields at frequencies of 100 Hz and 200 Hz increa
the cell resistance slightly, suggesting that the higher frequency ca
a close packing of the foulants in the fouling layer, resulting i
reduced fouling mitigation during electrodialysis [Lee et al., 200
Zumbush et al., 1998].

Table 3 summarizes the electrodialysis performance of the 
ferent power sources during BSA fouling experiments in terms

Table 1. Electrodialysis performance in the presence of BSAa

Flux of lactate
(mol/m2·hr)

Current efficiency of
lactate (%)

Power consumption
(Wh/mol lactate)

Electrodialysis of lactate (Before fouling) 1.81 86.7 4.87
Fouling experiment with BSA 1.89 84.7 6.89
Electrodialysis of lactate (After fouling) 1.81 77.5 6.96

aRemark: The values of solution pH during electrodialysis were in the range of 5.0-5.5.

Table 2. Characteristics of the virgin and fouled AMX membranes

Membrane

Electric resistance
(Ohm cm2) Range of contact

angle (Degree)

Exchange capacity
(meq/g-dried membrane) Zeta potential at

pH 7.0-7.3 (mV)
Referreda Measured Referreda Measured

Virgin AMX 2.5-3.5 2.41 89-96 1.4-1.7 2.62 -4.1
Fouled AMX - 2.33 92-96 - 1.56 -8.0

 aData are taken from Bulletin of NEOSEPTA, Tokuyama Corp.

Fig. 4. Time course of the cell resistances for the pulsing electric
fields with different frequencies and for the DC power sup-
ply.

Table 3. Performances with different frequencies during the elec-
trodialysis of BSA

Current
efficiency of
lactate (%)

Flux of
lactate

(mol/m2·hr)

Power
consumption

(wh/mol lactate)

Square 10 Hz 92.5 2.39 7.56
wave 25 Hz 94.5 2.80 5.49
powers 50 Hz 93.7 2.57 4.67

100 Hz 95.2 2.32 6.09
200 Hz 95.7 2.49 5.75

DC power (∞) 84.7 1.89 6.89
Korean J. Chem. Eng.(Vol. 19, No. 5)
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the current efficiency, flux of lactate and the power consumption.
The current efficiency and the flux of lactate increased for the puls-
ing electric fields with all frequencies. As shown in the third col-
umn of Table 3, all the square wave powers reduced the power con-
sumption except for the frequency of 10 Hz. In particular, a fre-
quency of 50 Hz resulted in the least power consumption, 67.8%,
of the DC power. It was clearly observed that the electrodialysis
performances were affected by the pulsing electric field with the
specific frequencies and that membrane fouling was significantly
reduced compared with the results of the DC powers.

To investigate the influence of the pulsing electric fields on the
foulant behavior, the transport rate of BSA and the deposition on
the membrane surface were observed. Fig. 5 presents the time course
of BSA transported into the concentrate solution, showing that more
BSA transported during the operation with the pulsing power of
25 Hz. The total amount of BSA transported was 1.4% of the in-
itial amount present in the dilute solution when the pulsing electric
field was applied, while only 0.7% of that transported through the
AMX membrane by using the DC power. In addition, the flux of

the BSA through the AMX membrane was 0.28 g BSA/m2·hr in
the DC power experiment. The pulsing electric field of 25 Hz led
a higher flux, 0.56 g BSA/m2·hr. It is clearly observed that the puls
ing electric fields increased the permeability of the protein through
membrane. Deposited BSA on the membrane surface was estim
from the mass balance. During electrodialysis with the DC pow
the amount of deposited BSA remained fairly constant throu
out the experiment at about 18.9mg/cm2 as observed in Fig. 6. How-
ever, the amount of deposited BSA decreased with time for the
Hz pulsing electric field, implying that the electric pulses enhan
the mobility of BSA from the fouling layer, thereby removing th
deposited foulants having charges from the membrane surface
ing electrodialysis [Guizard and Rios, 1996].
3. Quantitative Analysis of the Fouling Mitigation in the Puls-
ing Electric Fields

Fouling potentials for the pulsing electric fields with differe
frequencies were compared in Fig. 7 by using the membrane 
ing indices for electrodialysis. The frequencies of 25 Hz and 50
reduced the fouling potentials the most compared with those o
DC power. Meanwhile, the frequencies of 100 Hz and 200 Hz 
not reduce the cell resistance as shown in Fig. 7. Of the square 
powers tested, those of 25 Hz and 50 Hz showed the notable 
ing mitigation effects. In the quantitative analysis of the fouling p
tentials, the square wave powers also demonstrated an ability t
duce the membrane fouling.

To obtain the quantitative analysis of the fouling mitigation effe
due to the pulsing electric fields, the fouling indices, the fouli
layer thickness, the membrane resistances and the fouling laye
sistances were examined. The results are listed in Table 4. The
ing layer thickness estimated in Eqs. (3) and (4) decreased fo
pulsing electric fields with other frequencies except for the 10 H
The results can be explained as the square wave powers havin
pulsing effect caused the perturbations on the fouling layer, decr
ing the fouling layer thickness near the anion exchange memb
surface.

It is noted that the 50 Hz square wave power reduced the f
ing layer thickness by about 40% compared with the DC pow
Differences in the membrane resistance (∆Rm) and the fouling layer

Fig. 5. Influence of the pulsing electric field on BSA transported
through the AMX membrane.

Fig. 6. Influence of the pulsing electric field on the deposited BSA
on the AMX membrane surface.

Fig. 7. Quantitative analyses of the fouling potentials using the
fouling index.
September, 2002



A Study on Fouling Mitigation Using Pulsing Electric Fields in Electrodialysis of Lactate Containing BSA 885

ed
s do
00;

foul-
ing
fre-

ed to
tion

ing
rid:
ps
resistance (∆Rf) in Table 4 were obtained from changes between
the values for the square wave powers and those for the DC power.
It was found that the pulsing electric fields set at the lower frequen-
cies (10 Hz, 25 Hz and 50 Hz) reduced Rm compared with the DC
power. Slight increase in Rm was observed for the higher frequen-
cies (100 Hz and 200 Hz) during the fouling experiments. Consid-
ering the differences in the fouling layer resistance, as shown in the
fourth column of Table 4, the pulsing electric fields reduced Rf, de-
creasing the fouling layer thickness on the surface at certain fre-
quencies [Huotari et al., 1999]. The largest decreases in the resis-
tances (Rm and Rf ) were observed in the pulsing electric fields with
the 50 Hz.
4. Consideration of Fouling Mitigation During the Electrodi-
alysis of Lactate with BSA

During fouling mitigation with a pulsing electric field, one cycle
of pulsing may be divided into three stages [Oussedik et al., 2000;
Bowen, 1993; Czekaj et al., 2000]: (i) formation of the cake layer on
the membrane surface, (ii) movement of the charged foulant (BSA)
in the pulsing electric field in the opposite direction, and (iii) move-
ment of the particles dispersed in the boundary layer near the mem-
brane surface and the formation of a layer on the membrane sur-
face. In the first stage, the suspended particles deposit on the mem-
brane surface during electrodialysis and the fouling layer forms on
the membrane surface, thereby increasing the cell resistance, irre-
spective of the power sources. It is assumed that the fouling mitiga-
tion effects can be understood by the second and the third stages
during electrodialysis under the pulsing electric fields.

The cell voltage drop according to time was measured during
the electrodialysis experiment with the pulsing electric field of 25
Hz and the results are shown in Fig. 8(b) immediately after begin-
ning. In the figure, both positive and negative potentials were ob-
served even though a constant current was supplied by using an on-
off mode without a change in the electrode polarity [Fig. 8(a)]. The
slightly reversed polarity of the voltage drop might be due to the
movement of the charged foulants during electrodialysis. When the
constant current is supplied with a square wave profile, the BSA
particles move toward the anode resulting in the positive potential.
Meanwhile, the charged BSA particles move away from the mem-
brane surface when the current is shut-off in the pulsing electric
field.

The movement of the BSA in the opposite direction resulted in
a negative potential, along the opposite direction of the supplied
current and reduced the fouling layer thickness in the pulsing elec-
tric field, thus increasing the BSA concentration in the bulk solu-
tion (Fig. 9). When the current is supplied at a given value, the foul-
ants move toward the membrane surface and again the fouling layer

forms. However, the fouling layer is thought to form loosely pack
layer on the membrane surface since the pulsing electric field
not provide enough time to form a packed layer [Czekaj et al., 20
Rodgers and Sparks, 1992].

CONCUSION

Previously, many approaches have been studied to minimize 
ing during electrodialysis. In this study power sources includ
DC power as a reference and the pulse power with various 
quencies were used. The square wave powers were employ
investigate the effects of the frequencies on the fouling mitiga

Table 4. Investigation of reduced fouling potentials according to the frequencies

EDMFI (Ohm/A·min) δpulse/δDC Rm (Ohm) ∆Rm (Ohm) Rf ∆Rf (Ohm)

Square 10 Hz 0.00085 1.06 0.521 −0.038 03337 −0.011
wave 25 Hz 0.00050 0.62 0.511 −0.048 0.197 −0.151
powers 50 Hz 0.00033 0.41 0.458 −0.101 0.132 −0.216

100 Hz 0.00052 0.65 0.644 −0.085 0.208 −0.140
200 Hz 0.00065 0.80 0.601 −0.042 0.256 −0.092

DC power (∞) 0.00080 1.00 0.559 −0.000 0.348 −0.000

Fig. 8. Observation of the supplied current and the cell voltage
drops for the pulsing electric field.
(a) Current form observed for the square wave voltage us
an oscilloscope (x-axis grid: time scale, 20 ms and y-axis g
potential scale, 100 mV), (b) Observation of cell voltage dro
using a multimeter at the data acquisition speed of 5 Hz.
Korean J. Chem. Eng.(Vol. 19, No. 5)
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during fouling experiments of BSA by using the EDMFI.
It was found that the BSA, a large molecular weight protein, de-

posited on the anion exchange membrane surface, increasing both the
cell resistance and the power consumption. The fouling experiments
with 1.0 wt% of BSA were performed with square wave powers
having different frequencies. It was found that the electric pulses
enhanced the mobility of the charged particles in the fouling layer
and decreased the electrical resistance of the electrodialysis cell,
resulting in a decrease in the fouling layer thickness and in the re-
sistances of the membrane and the fouling layer. Also, the pulsing
electric field having a square wave profile demonstrated a reduc-
tion in membrane fouling.
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NOMENCLATURE

A : effective membrane area [m2]
Cb : concentration of foulant [kg/m3] 
Cg : foulant concentration in fouling layer [kg/m3] 
E : voltage [V]
I : operating current [A] 
K : constant [m3/Coulomb] 
Q : accumulated electrical charge [Coulomb]
Rf : fouling layer resistance [ohm]
Rm : membrane resistance [ohm] 
rc : specific resistance [ohm-cm] 
∆Rf : fouling layer resistance difference between square wa

power and DC power [ohm]
∆Rm : membrane resistance difference between square w

power and DC power [ohm]
δ : fouling layer thickness [m]
δDC : fouling layer thickness for DC power [m]
δpulse : fouling layer thickness for pulsing electric fields [m]

REFERENCES

Belfort, G., Davis, R. H. and Zydney, A. L., “The Behavior of Suspe
sions and Macromolecular Solutions in Crossflow Microfiltratio
Review,” J. Membr. Sci., 96, 1 (1994).

Benavente, J. and Jonsson, G., “Effect of Adsorbed Protein on the
draulic Permeability, Membrane and Streaming Potential Valu
Measured across a Microporous Membrane,” Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 138, 255 (1998).

Bowen, W. R. and Ahmad, A. L., “Pulsed Electrophoretic Filter-Ca
Release in Dead-End Membrane Processes,” AIChE J., 43(4), 959
(1997).

Bowen, W. R. and Sabuni, H. A. M., “Pulsed Electrokinetic Cleani
of Cellulose Nitrate Microfiltration Membranes,” Ind. Eng. Chem.
Res., 31, 515 (1992).

Bowen, W. R., “Electrochemical Aspects of Microfiltration and Ultra
filtration,” Membranes in Bioprocessing: Theory and Application
Howell, J. A., Sanchez, V. and Field, R. W., eds., Chapman & H
London, UK (1993).

Bowen, W. R., Kingdom, R. S. and Sabuni, H. A. M., “Electrically E
hanced Separation Processes: the Basis of in situ Intermittent 
trolyte Membrane Cleaning (IIEMC) and in situ Electrolytic Mem
brane Restoration (IEMR),” J. Membr. Sci., 40, 219 (1989).

Chang, J. D., Chun, M. S., Chung, G. Y. and Kim, J. J., “The Influen
of Solution Ionic Strength on the Permeate Flux during Dead-E
Membrane Filtration of Colloidal Suspensions,” HWAHAK KONG-
HAK, 38, 485 (2000) (In Korean).

Choi, K. H. and Jeong, T. Y., “Removal of Zinc Ions in Wastewater 
Electrodialysis,” Korean J. Chem. Eng., 19, 107 (2002).

Choi, S. Y., Yoon, J. Y., Ham, S. J., Chung, J. K. and Kim, W. S., “Stir
on the Permeate Flux in the Filtration of BSA-Adsorbed Microsph
Using Stirred Cell,” HWAHAK KONGHAK, 38, 26 (2000) (In
Korean).

Czekaj, P., Mores, W., Davis, R. H. and Gûell, C., “Infrasonic Puls
for Foulant Removal in Crossflow Microfiltration,” J. Membr. Sci.,
180, 157 (2000).

Do, D. D. and Elhassadi, A. A., “A Theory Limiting Flux in a Stirre

Fig. 9. Illustration showing the influence of the pulsing electric
field on foulant movement related to Fig.8 (Cbo and Cb: con-
centration of the foulant, Rbl: the boundary layer resistance,
Rf: the fouling layer resistance, Rm: the membrane resis-
tance).
(a) Accumulation due to electromigration toward the anode,
causing a positive potential, (b) Reduced fouling layer thick-
ness due to movement away from the deposited fouling layer,
causing a negative potential.
September, 2002



A Study on Fouling Mitigation Using Pulsing Electric Fields in Electrodialysis of Lactate Containing BSA 887

ork

d
n
,”

n
c-

res-

at-
 and

K

es

ter-

ion
-

ssile

ux,

tric
n-
ow
Batch Cell,” J. Membr. Sci., 25, 113 (1985).
Guizard, C. and Rios, G., “Transport and Fouling Phenomena in Liquid

Phase Separation with Inorganic and Hybrid Membranes,” Funda-
mentals of Inorganic Membrane Science and Technology, Burggraaf,
A. J. and Cot, L., eds., Elsevier (1996).

Huotari, H.M., Trägårda, G. and Huisman, I. H., “Crossflow Membrane
Filtration Enhanced by an External DC Electric Field-A Review,”
Trans IChemE., Part A, 77, 461 (1999).

Jönsson, A. and Jönsson, B., “Colloidal Fouling during Ultrafiltration,”
Sep. Sci. Tech., 31, 2611 (1996).

Kelly, S. T. and Zydney, A. L., “Mechanisms for BSA Fouling Micro-
filtration,” J. Membr. Sci., 107, 115 (1995).

Kang, M. S., Tanioka, A. and Moon, S. H., “Effects of Interface Hydro-
philicity and Metallic Compounds on Water-Splitting in Bipolar
Membranes,” Korean J. Chem. Eng., 19, 99 (2002).

Kim, Y. H. and Moon, S. H., “Lactic Acid Recovery from Fermenta-
tion Broth Using One-Stage Electrodialysis,” J. Chem. Technol. Bio-
technol., 76, 169 (2001).

Lee, H. J. and Moon, S. H., “Use of Electrical Pulses for Mitigation of
Membrane Fouling in Electrodialysis,” 12th Electrosynthesis Forum.,
Clearwater Beach, Florida (1998).

Lee, H. J., Moon, S. H. and Tsai, S. P., “Effects of Pulsing Electric
Fields on Membrane Fouling in Electrodialysis of NaCl Solution
Containing Humate,” Sep. Purif. Tech., 27, 89 (2002).

Lindstrand, V., Sundström, G. and Jönsson, A., “Fouling of Electrodial-
ysis Membranes by Organic Substances,” Desalination, 128, 91
(2000).

Marshall, A.D., Munro, P. A. and Tragardh, “The Effect of Protein Foul-
ing in Microfiltration and Ultrafiltration on Permeate Flux, Protein
Retention and Selectivity: a Literature Review,” Desalination, 91,
65 (1993).

Möckel, D., Staude, E., Dal-Cin, M., Darcovich, K. and Guiver, M.,
“Tangential Flow Streaming Potential Measurements: Hydrodynamic
Cell Characterization and Zeta Potentials of Carboylated Polysul-
fone Membranes,” J. Membr. Sci., 145, 211 (1998).

Oka, K. K. and Frusawa, K., “Electrophoresis,” Electrical Phenomena
at Interface Fundamentals, Measurements, and Applications, 2nd

ed., Ohshima, H. and Furusawa, K., eds., Marcel Dekker, New Y
(1998).

Oussedik, S., Belhocine, D., Grib, H., Lounici, H., Piron, D. L. an
Mameri, N., “Enhanced Ultrafiltration of Bovine Serum Albumi
with Pulsing Electric Field and Fluidized Activated Albumin
Desalination, 127, 59 (2000).

Pieracci, J., Crivello, V. and Belfort, G., “Photochemical Modificatio
of 10 KDa Polyethersulfone Ultrafiltration Membranes for Redu
tion of Biofouling,” J. Membr. Sci., 156, 223 (1999).

Rodgers, V. G. J. and Sparks, R. E., “Effect of Transmembrane P
sure Pulsing on Concentration Polarization,” J. Membr. Sci., 68, 149
(1992).

Schoeman, J. J. and Thompson, M. A., “Electrodialysis,” Water Tre
ment Membrane Processes, Mallevialle, J., Odendaal, P. E.
Wiesner, M. R., eds., McGraw-Hill, New York (1996).

Scott, K., “Handbook of Industrial Membranes,” Elsevier., Oxford, U
(1995).

Sheikholeslami, R., “Fouling Mitigation in Membrane Processes,” De-
salination, 123, 45 (1999).

Tokuyama Corp., Bulletin of NEOSEPTA-Ion Exchange Membran
(1995).

Yoshida, N., Ishisaki, T., Watakabe, A. and Yoshitake, M., “Charac
ization of Flemion Membranes for PEFC,” Electrochimica Acta.,
43, 3749 (1998).

Zhang, W., Wahlgren, M. and Sivik, B., “Membrane Characterizat
by the Contact Angle Technique-II. Characterization of UF-Mem
branes and Comparison between the Captive Bubble and Se
Drop as Methods to Obtain Water Contact Angles,” Desalination,
72, 263 (1989).

Zhu, H. and Nyström, M., “Cleaning Results Characterized by Fl
Streaming Potential and FTIR Measurements,” Colloids and Sur-
faces A: Physicochemical and Engineering Aspects, 138, 309
(1998).

Zumbush, P., Kulcke, W. and Brunner, G., “Use of Alternating Elec
Fields as Anti-Fouling Strategy Ultrafiltration of Biological Suspe
sions Introduction a New Experimental Procedure for Crossfl
Filtration,” J. Membr. Sci., 142, 75 (1998).
Korean J. Chem. Eng.(Vol. 19, No. 5)


	A Study on Fouling Mitigation Using Pulsing Electric Fields in Electrodialysis of Lactate Contain...
	Hong-Joo Lee*, Jin-Soo Park and Seung-Hyeon Moon†
	Department of Environmental Science and Engineering, Kwangju Institute of Science and Technology ...
	Abstract�-�Fouling tendency in electrodialysis was investigated using the electrochemical and phy...
	Key words:�BSA (Bovine Serum Albumin), Fouling, Fouling Mitigation, Pulsing Electric Field, Elect...
	INTRODUCTION
	QUANTITATIVE ANALYSIS OF FOULING MITIGATION IN PULSING ELECTRIC FIELDS
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCUSION
	ACKNOWLEDGEMENT
	NOMENCLATURE
	REFERENCES






