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Abstract

The potential of electrokinetic remediation technology has been successfully demonstrated for the remediation of heavy metal contaminated
fine-grained soils through laboratory scale and field application studies. Various enhancement techniques have been proposed and used in
o her obstacles,
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rder to further improve the remediation process. However, it has been reported that such enhancement schemes can create ot
uch as the introduction of non-target ions into the system and thereby decrease the efficiency of the remediation process. Electr
emediation technology enhanced by an ion exchange membrane (IEM), IEM-enhanced EK processing, was experimentally ev
he purpose of overcoming these obstacles. In particular, this study focused on observations of a fouling problem and its settleme
uxiliary solution cell (ASC). In addition, the efficacies of two different types of electrode configurations, rectangular and cylindric

nvestigated. The experimental results indicate that the effectiveness of the technology was increased by an enhancement sche
EM. This may be explained by the prevention of metal precipitation in the region near the cathode originating from hydroxide ions
y the electrolysis of water in the cathode. The experimental results also imply that placement of the ASC can nullify the fouling
ithin the cation exchange membranes used in IEM-enhanced EK processing, and thus improve the overall effectiveness of the p
xperimental results indicate that the cylindrical electrode configuration can be implemented in practical situations to improve the
f cathode effluent containing a high level of contaminants after processing.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal pollution of soil and ground water is a world-
ide problem[1]. Soils can be contaminated with heavy
etals derived from various sources, including waste from
bandoned mining, improper treatment of industrial wastes,

ncomplete collection of used batteries, leakage of landfill
eachate, accidental spills and military activities[2]. Con-
amination often affects a large volume of soil underlying
everal areas. There are also various types of contaminated ar-
as, such as paddy fields, farms, factory sites, residential dis-
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tricts and mining fields. Contaminants migrating from th
sources threaten the health of human inhabitants in the
area and the ground water supply[3]. However, technologie
for decontaminating these sites have not been adequate
veloped. In addition, it has been reported recently that
contamination is increasing in various sites, such as res
tial areas near industrial complexes and reservoirs of drin
water.

Methods for cleaning up heavy metal contaminated
involve either long-term containment or removal process
Containment techniques are interim solutions because
possibility of future leaks. As the contaminants in such
stances are only confined or immobilized, the subseq
use of these sites is often restricted or prohibited. Wit

304-3894/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2004.10.001



94 W.-S. Kim et al. / Journal of Hazardous Materials B118 (2005) 93–102

situ treatment systems, such as soil flushing, chemical treat-
ment, and bioremediation, contaminants in fine-grained soils
cannot be effectively removed due to their low hydraulic con-
ductivities. The electrokinetic (EK) technique is one of the
most promising decontamination processes and has a high ef-
ficiency and time-effectiveness in low-permeable media such
as sludge and clay soils. EK soil processing is also referred to
as electrokinetic remediation, electroreclamation, and elec-
trochemical decontamination, and the significance of this
method is its low operation cost and potential applicability to
a wide range of contaminant types[4]. EK soil processing is
envisioned as a technique to effect the removal/separation of
organic and inorganic contaminants and radionuclides. The
potential of this technique for waste remediation has resulted
in several studies[5–11].

During EK processing, hydroxides are inevitably precipi-
tated by the hydroxyl ions generated through the electrolysis
of water in a cathode compartment, and these precipitates
prevent the removal of contaminants. In order to remove and
avoid precipitation in the cathode compartment, various en-
hancement techniques have been proposed and implemented.
Hsu [7] summarized a number of enhancement techniques
proposed by many researchers, which include: (1) injection of
enhancing agents such as acetic acid or use of a hydroxyl ion
selective membrane in the cathode reservoir to prevent pre-
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Fig. 1. Schematic diagrams showing (a) standard electrodialysis deminer-
alization process and (b) electrodialytic (IEM-enhanced EK) soil process
(AEM, anion exchange membrane; CEM, cation exchange membrane).

shown inFig. 1a, flows through the channels. When an elec-
tric field is applied transverse to the membrane, cations and
anions pass through CEM and AEM, respectively. In spite
of the current appraisals of ED, fouling of IEM is one of the
most crucial limitations in the design and operation of an ED
process[22]. Fouling is essentially caused by the deposition
of foulants on the membrane surface, causing deterioration
of membrane performance through a decline in the flux and
an increase in the resistance.

The IEM-enhanced EK processing is shown schematically
in Fig. 1b. Based on the same principle of the ED process-
ing, the contaminated soil is considered a diluted compart-
ment in IEM-enhanced EK processing, as shown inFig. 1b.
The IEM-enhanced EK processing is closely connected to
the ED processing. However, the two methods are different
in terms of the role of the IEMs used. The IEMs play an active
role in separating and concentrating ions in the ED process-
ing, whereas they act as passive barriers to prevent ions from
flowing into the soil bed from the electrode compartments.
In other words, the IEMs are used in the IEM-enhanced EK
processing to increase current efficiency and to prevent pre-
cipitation of hydroxides. Due to the hydrogen ions generated
by electrolysis of water at the anode, an acidic solution is
formed in the anodic cell. In the same manner, hydroxide
ions are generated at the cathode. However, the hydroxide
i sing
c use
o nto
ipitation or solubilize precipitates of cationic metal cont
nants near the cathode[12–14]; (2) conditioning the anod
nd/or the cathode reservoirs to control the pH and zet

ential, enhance desorption, and increase the electroos
ow rate to increase mobility of contaminants[13,15–17]; (3)
dding or mixing strongly complexing agents such as am
ia, citrate, and EDTA into soil, which compete with soil
etal contaminants to form soluble complexes[15,18–20].
mong the enhancement technologies proposed thus fa
cheme involving the prevention of metal precipitation
eceived the greatest focus and experimental evaluati
n acidic agent is used as a cathode electrolyte to pr
ydroxide ions from flowing into a soil bed, the current e
iency decreases due to the introduction of new ions int
reated systems. In order to overcome the decrease in c
fficiency due to use of an acidic catholyte, EK proces
nhanced by electrodialysis (ED) was developed.

The ED is an ion exchange membrane (IEM) separa
rocess in which an electrical potential is used as a dr

orce[21]. The IEMs used in the ED processing can be c
orized into two types: cation exchange membranes (CE

hat essentially allow only cations to pass through, and a
xchange membranes (AEMs) that only allow anions to p
he configuration of conventional ED processing is sche

cally shown inFig. 1a. A typical ED stack consists of
umber of cells that can be divided into two groups: the
entrated compartment in which the ions are collected
he electrolyte is continuously concentrated, and the di
ompartment in which the ions are removed and the
rolyte is diluted during the processing period. The solu
ontaining ions, which may be sodium and chloride ion
ons are prevented from crossing the CEM. EK proces
an be improved through an enhancement involving the
f IEMs. In addition, the introduction of non-target ions i
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the soil bed can be prevented by IEMs, and therefore the cur-
rent efficiency of IEM-enhanced EK processing increases.

The objectives of this study were to investigate the feasi-
bility of EK processing enhanced by IEMs for the removal of
heavy metals from clay soils, to observe fouling phenomena
within IEMs, and to overcome fouling phenomena by using
an auxiliary solution cell (ASC). The cylindrical configura-
tion of EK processing was also evaluated.

2. Materials and methods

Schematic diagrams and dimensions of the experimental
apparatus used are shown inFigs. 2 and 3. The experimental
apparatus consists of four principal parts: soil cell, electrode
compartments, electrolyte solution reservoirs, and power
supply. Each electrode compartment contained a sufficient
volume of electrolyte solution to avoid sudden variations of
pH in the electrolyte solution. One type of electrolyte solu-
tion, 0.01 M KNO3, was recirculated in both electrode com-
partments using peristaltic pumps (Masterflex, 1–100 rpm,
three heads), and the experimental design included the use of
a BIORAD dc power supply (Model PowerPac 200, 5–200 V,
0.01–2 A, 200 W).

A set of control (conventional) and IEM-enhanced tests
w elec-
t ro-
c ation,

Fig. 3. A schematic diagram and dimension of the cylindrical reactor.

but few studies have employed the cylindrical configuration.
However, it has been reported that the cylindrical electrode
configuration can improve the treatability of contaminated
cathodic effluent when EK processing is implemented in the
field. It is for this reason that the cylindrical reactor was tested
to evaluate the applicability of the cylindrical configuration
during EK processing. Control tests were conducted using
glass microfiber filters (GF/C, number 4, Whatman Interna-
tional Ltd.), whereas IEM-enhanced tests were undertaken
using homogeneous IEMs (Neosepta, Japan). The character-
istics of the IEMs tested are summarized inTable 1. Most of
commercial IEMs can be categorized into homogeneous or
heterogeneous IEM, according to their structure and prepa-
ration procedure. The homogeneous IEMs are produced by
polymerization of functional monomers, while the heteroge-
neous IEMs are produced by melting and pressing of dry ion
exchange resins with granulated polymers or by dispersion
of ion exchange resins in the solution and melting of matrix
polymers. In general, heterogeneous IEMs have relatively
high electrical resistance, but the homogeneous IEMs have a
ere undertaken using both rectangular and cylindrical
rode configurations. A number of investigations on EK p
essing have used the rectangular electrode configur
Fig. 2. A schematic diagram and dimension of the rectangular reactor.

more even distribution of fixed ions and often lower electri-
cal resistance. Accordingly, the homogenous IEMs have been
frequently used in the electrodialytic (ED) processing. For
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Table 1
The characteristics of commercial ion exchange membranes (Neosepta,
Japan)

Cation exchange
membrane (CMX)

Anion exchange
membrane (AMX)

Water content (%) 20–30 20–30
IX capacity (mequiv./g) 1.8–2.0 1.5–1.8
Transport number 0.97 0.97
Thickness (wet; mm) 0.16–0.20 0.14–0.18
Burst strength (MPa) 3.5–6.0 4.5–5.5
Characteristics Na-form Cl-form

High mechanical
strength

High mechanical
strength

this reason, the homogenous IEMs were tested in this study.
The glass fiber filters and the IEMs were inserted in the inter-
face between the soil bed and electrode compartments in the
control and IEM-enhanced tests, respectively. Furthermore,
an auxiliary solution cell (ASC) was tested in the cylindri-
cal configuration of the IEM-enhanced experiments for the
purpose of preventing fouling phenomena within the IEMs.
The hydroxide ions generated by cathodic water electroly-
sis cannot pass the cation exchange membranes (CEMs) or
move into the soil bed, whereas metal contaminants can mi-
grate from the soil bed into the cathodic electrolytes through
the CEMs in the IEM-enhanced experiments. Accordingly,
the metal contaminants are precipitated with the hydroxide
ions within the CEMs, as well as in the cathodic electrolytes.
Therefore, metal hydroxide precipitates cause the fouling
phenomena within the CEMs. In order to prevent precipita-
tion on CEM surfaces, small holes (position of hole: 2.5 cm
from bottom; hole diameter: 0.2 mm; number of holes: 6; gap
between holes: 2.61 cm) were added to the CEMs. A num-
ber of hydroxide ions can move from the cathodic electrolyte
into the ASC through these holes, and as a consequence,
metal contaminants are precipitated in the ASC rather than
in the cathode electrolytes. The fouling within CEMs can
therefore be prevented by the placement of an ASC between
the soil bed and the cathode compartment including CEMs in
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Fig. 4. Dimension of the auxiliary solution cell (ASC).

completion of adsorption in the soil samples. Five grams of
six samples were then taken from the prepared soils for the
determination of initial concentration of contaminants.

A number of physicochemical parameters were measured
every 4 h during the experiments: the overall voltage drops
of the soil cell and electrode compartments; pH variations of
both electrolyte solutions; soil pH variation and transported
pore water volume by electroosmotic flow. In particular, the
voltage drop within CEMs was measured in IEM-enhanced
tests over the period of the experiment in order to observe
fouling phenomena within the CEMs. After treatment, five
samples were obtained directly from the soil bed using a stain-
less steel sampler (diameter: 1.2 cm) to determine the resid-
ual concentrations of contaminants and final soil pHs.Fig. 5
shows the location of sampling points. Heavy metals in the
soil samples were extracted using the Korea Standard Test-
ing Method (KSTM); wet soil samples were dried at 105◦C,
50 mL of a 0.1 M HCl solution was added to 5 g of each dry
soil sample (dilution factor: 10) and then agitated (100 rpm,
30◦C and 1 h). Concentrations of heavy metal contaminants
were analyzed by ICP-AES (Thermo Jarrel Ash, USA).

Five tests were designed and conducted to evaluate the
removal of heavy metals from soils by EK processing. The
experimental program and parameters used in each test are

T
P
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G
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he IEM-enhanced experiments. The location and dimen
f the ASC are presented inFigs. 3 and 4, respectively.

Kaolinite was chosen for this study since it is one
he most ubiquitous clay soils in Korea and is commo
sed as a soil medium in electrokinetic processing du

ts extremely low permeability and low adsorption cap
ty for heavy metals in comparison with other clayey so
he kaolinite used in experiments was commercially

ained from the Dongyang Science Co., Kwangju, Ko
able 2summarizes the physical properties of kaolinite s
sed. The kaolinite soil was artificially contaminated w
d(NO3)2·4H2O and Pb(NO3)2 solutions, with the final con
entrations of cadmium and lead in kaolinite samples b
500 and 5000 mg/kg, respectively. All the slurries (m

ure content of 50 wt.%) of kaolinite prepared for this st
ere mixed mechanically for 1 h with an electric stirrer;
ixtures were then allowed to settle for more than 1 w

o allow for the uniform distribution of contaminants and
able 2
hysical properties of kaolinite soils used in this study[3]

hysical property Measured val

roup symbol according to USCS CL
iquid limit (%) 78
lastic limit (%) 32
pecific gravity 2.64
H of soil at 50% water content 4.93–5.20
ermeability (cm/s) 1× 10−7

nitial water content (%) 50–54
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Fig. 5. A plane showing location of sampling points: (a) rectangular reactor:
test 1 (control) and test 2 (IEM-enhanced); (b) cylindrical reactor: test 3
(control), test 4 (IEM-enhanced, without ASC), and test 5 (IEM-enhanced,
with ASC).

summarized inTable 3. Constant-current mode was used in
all tests to keep the net rates of electrolytic reactions constant
and to minimize complicated current-boundary conditions.

3. Results and discussion

Variations of pH in the soil bed are shown inFig. 6. Since
the transport rate of hydrogen ions is about twice that of
hydroxyl ions[12,23], the pH jump point (pH = 7), in which
hydrogen ions meet with hydroxyl ions, is seen near the cath-
ode region, unless enhancing schemes are applied. For this
reason, the pH jump points in the control experiments (tests
1 and 3) appear at a normalized distance from the anode of
about 0.8, as shown inFig. 6. In addition, the electroosmo-
sis is normal (from the anode towards the cathode) in the
initial stage of treatment; this electroosmotic advection also
accounts for the pH jump point near the cathode region. In
the cathode region, the soil pH values increased significantly
(pH = 11–12) due to transport of hydroxyl ions from the cath-
ode. This transport of base front from the cathode to the soil
media brings about several detrimental effects that result in a Ta
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Fig. 6. Variation of pH in the soil bed after experiments: (a) rectangular re-
actor: test 1 (control) and test 2 (IEM-enhanced); (b) cylindrical reactor: test
3 (control), test 4 (IEM-enhanced, without ASC), and test 5 (IEM-enhanced,
with ASC).

decrease of the effectiveness of the remediation technology:
(1) metal precipitation; (2) increase of adsorbed and immo-
bile metal species; (3) clogging of soil pores by precipitates
that result in a decrease in electroosmotic flow. As a conse-
quence, a number of enhancement schemes have been pro-
posed to overcome these obstacles[7,9,24]. IEM-enhanced
tests were conducted in this study in order to acquire a basic
concept of enhancement schemes and to understand the prin-
cipal mechanisms involved in enhancement processes. The
soil pH values of the cathodic region in the control tests (tests
1 and 3) were near 12, whereas those in the IEM-enhanced
tests (tests 2, 4 and 5) were below 7 (Fig. 6), even though the
pHs in the catholyte solutions of each test were in the range of
12 and 13 (the data not shown). Furthermore, the overall soil
pHs in IEM-enhanced tests were lower than those in the con-
trol tests, except for pHs recorded close to the anode which
experienced direct leakage of the acidic anolyte through the
filter during the control test. The AEM placed in the anodic
part prevented cations such as K+ from entering into the soil
cell, and no current was wasted for carrying cations from
anode to cathode. However, the hydrogen ions generated in
the anodic electrolysis of water can pass the AEMs. Because
of the molecular interaction of water dipoles with electrical
charges, protons form hydronium-ions with the water. In a

Fig. 7. Variation of pH in the auxiliary solution cell (ASC); test 5 (cylindri-
cal, IEM-enhanced, and with ASC).

hydronium ion, the three attached H-atoms are no longer dis-
tinguishable in terms of their electric charges. They form a
tripod with three H-atoms equally apart carrying the positive
charge together. The formation of the hydronium ions has
consequences for the mobility of the protons in aqueous me-
dia. Common salt ions move with their hydrate shell through
the solution. The proton, however, is transported mostly via a
so-called tunnel mechanism from one hydronium-ion to the
next water molecule. This explains not only the extraordi-
nary high mobility of protons but also the high permeability
of AEMs for protons while these membranes generally have
a very low permeability for salt cations. Therefore, the pH
of the soil bed in anodic part decreased even in the IEM-
enhanced tests (tests 2, 4, and 5 inFig. 6).

The auxiliary solution cell (ASC) was placed between
the soil bed and cathodic compartment in test 5. The pH
variation of the ASC is shown inFig. 7. ASC pHs were
lower (about 9–11) than those of cathodic electrolytes (about
12–13, detailed data not presented). Even though the hydrox-
ide ions migrated into the ASC through the holes in the CEMs,
the amount of these ions in the ASC was smaller than that
recorded for the cathodic electrolytes. In addition, the hydrox-
ide ions were consumed continuously through metal precip-
itation occurring in the ASC. It is for these reasons that the
pH in the ASC was slightly lower than that in the cathodic
e

ced
t er-
i st 5.
I the
C pro-
c tion
w the
C rops
w pro-
fi that
f .

the
s

lectrolytes.
The voltage drops within the CEMs in the IEM-enhan

ests are shown inFig. 8. Among three IEM-enhanced exp
ments (tests 2, 4 and 5), the ASC was placed only in te
n tests 2 and 4 without the ASC, voltage drops within
EMs suddenly increased after approximately 40 h of
essing time and implies that metal hydroxide precipita
as initiated within the CEMs and subsequently clogged
EM pores. However, the sudden increase of voltage d
as not observed in test 5 with the ASC. The voltage
les within the CEMs in the IEM-enhanced tests indicate
ouling phenomena can be prevented by using the ASC

The distribution of residual metal concentrations in
oil bed after experiments is shown inFigs. 9 and 10. The
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Fig. 8. Voltage profiles within the CEMs of the IEM-enhanced tests: test
2 (rectangular, IEM-enhanced), test 4 (cylindrical, IEM-enhanced, without
ASC), and test 5 (cylindrical, IEM-enhanced, with ASC).

residual metal concentrations were increasing significantly
towards the cathode in all tests. In particular, the residual
concentration in the control tests (tests 1 and 3) appeared
as high as 3–4 times the initial metal concentrations of the
soil fraction near the cathode. In the rectangular configura-

F
t
e
w
c
s

Fig. 10. Distribution of residual Pb concentrations within the soil bed af-
ter experiments: (a) rectangular reactor; test 1 (control) and test 2 (IEM-
enhanced), (b) cylindrical reactor; test 3 (control), test 4 (IEM-enhanced,
without ASC), and test 5 (IEM-enhanced, with ASC) (C0 = initial Pb con-
centration,C= final Pb concentration,x= distance from anode,L= length of
soil bed).

tion experiments (tests 1 and 2), it is clear that the residual
concentrations of metal contaminants in the region near the
cathode were much lower in the IEM-enhanced test (test 2)
than in the control test (test 1). This indicates that hydroxide
precipitation was prevented by the lack of introduction of hy-
droxyl ions from the cathode compartment into the soil bed,
resulting from the insertion of cation exchange membranes
(CEMs) between the soil bed and cathode electrolyte.

A comparison of the profiles of residual metal concentra-
tions between tests 4 and 5 inFigs. 9 and 10elucidates the
role played by the ASC. As mentioned previously, the foul-
ing phenomena within the CEM was inferred from the voltage
profile of the CEM (Fig. 8). In order to prevent fouling phe-
ig. 9 Distribution of residual. Cd concentrations within the soil bed af-
er experiments: (a) rectangular reactor: test 1 (control) and test 2 (IEM-
nhanced); (b) cylindrical reactor: test 3 (control), test 4 (IEM-enhanced,
ithout ASC), and test 5 (IEM-enhanced, with ASC) (C0 = initial Cd con-
entration,C= final Cd concentration,x= distance from anode,L= length of
oil bed).

nomena within the CEM in the cylindrical reactor, the ASC
was placed between the soil bed and cathode compartment
(see test 5 inTable 3). As shown inFig. 7, pHs of the ASC
increased to 9–11 as a result of migration of hydroxide ions
from the cathode electrolyte solution into the ASC through
the holes designed on the CEM surface. Accordingly, hy-
droxide metal precipitation occurred within the ASC and not
in the CEM, and the fouling phenomena could be prevented.
As a result, a comparison of the removal efficiencies between
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Table 4
The removal efficiency of each test (%)

Rectangular configuration Cylindrical configuration

Test 1 Test 2 Test 3 Test 4 Test 5

Cd 42.64 81.42 22.30 59.15 91.60
Pb 26.74 54.46 14.19 39.75 58.44

tests 4 and 5 as shown inTable 4reveals that the removal of
metal contaminants was significantly improved. In addition,
the residual metal concentrations were much lower at the re-
gion near the cathode in the test with an ASC (test 5) than in
the test without an ASC (test 4) under equivalent operational
conditions, as shown inFigs. 9 and 10.

The residual concentrations of heavy metals in the region
near the cathode differed when comparing rectangular and
cylindrical configurations. In the case of control tests (tests
1 and 3), the peaks of the residual metal concentrations of
the cylindrical configurations appeared at a region relatively
distant from the cathode (normalized distance from the an-
ode: 0.7) in comparison to those of the rectangular configu-
rations (normalized distance from the anode: 0.9), as shown
in Figs. 9 and 10. In particular, significant increases in resid-
ual metal concentrations were observed at a region near the
cathode in cylindrical IEM-enhanced tests. These increases
in concentration did not occur in the rectangular configura-
tion experiment, as shown by a comparison of the concentra-
tion profiles between tests 2 and 4 inFigs. 9 and 10. All the
differences in the residual metal concentration distributions
between rectangular and cylindrical configurations may be
caused by the change in the cross-sectional area in the cylin-
drical configuration. The change in the cross-sectional area
results in a change in the current density and metal flux at lo-
c plied
o fig-
u nt in

T
T

umulat
trolyte

T 9.20
7.2

T 9.5
6.2

T 2.10
14.6

T 1.1
94.1

T 5.7
37

reactor

the whole rectangular reactor but changed at each location
in the cylindrical reactor, becoming lower and higher at re-
gions near the anode and cathode, respectively. Accordingly,
the overall removal efficiencies of the cylindrical configu-
ration were lower than those of the rectangular configura-
tion (seeTable 4), as evidenced by the fact that the residual
metal concentrations were generally higher in the cylindri-
cal configuration than in the rectangular configuration since
the initiation of metal transport may have been delayed due
to a lower current density at the region near the anode. Fur-
thermore, the gradual increase in the metal flux towards the
cathode in the cylindrical configuration results in residual
metal concentration distributions that differ from those in the
rectangular configuration, particularly at the region near the
cathode. As a result of the decrease in cross-sectional area
and subsequent increase in the metal flux in the cylindrical
reactor, the metal contaminants were concentrated and ac-
cumulated at a region near the cathode, and residual metal
concentrations appeared significantly higher than those in
the rectangular reactor, even though hydroxide precipitation
was prevented by cation exchange membranes in the cylindri-
cal IEM-enhanced experiments. However, the concentrated
metal contaminants at the region near the cathode ought to be
removed easily by IEM-enhanced processing if the duration
of the experiment is extended in cylindrical configuration
t iffer-
e est 1)
a ation
e e
c s not
c

ntly
d uch
l a
r and
P ces
al points in the soil bed. Since a constant current was ap
ver the duration of both rectangular and cylindrical con
ration experiments, the current density was kept consta

able 5
he mass balances of each test

Metal species Amount of metal (mg)

Initial (a) Remained in the
soil bed (b)

Acc
elec

est 1 Cd 2876.0 1649.1 81
Pb 9736.0 7132.6 160

est 2 Cd 2876.0 534.40 176
Pb 9736.0 4433.8 411

est 3 Cd 8643.0 6715.6 90
Pb 29517 25329 27

est 4 Cd 8643.0 3530.7 375
Pb 29517 17784 83

est 5 Cd 8643.0 726.00 664
Pb 29517 12267 155

a The amount of metals existed in the other parts includes those in
b Total measured = (a) + (b) + (c).
c Recovery (%) = [(e)/(a)]× 100.
Recovery (%)c

ed in
s (c)

Existed in the
other parts (d)a

Total measured (e)b

163.10 2631.4 91.50
275.40 9015.2 92.60

176.70 2480.6 86.25
301.90 8851.9 90.92

293.20 7910.9 91.53
374.30 28417 96.27

292.10 7573.9 87.63
389.80 26568 90.01

251.40 7623.1 88.20
361.50 28166 95.42

walls, tubes, and electrodes.

ests. This prediction is based on an analysis of the d
nces in concentration profiles between a control test (t
nd IEM-enhanced test (test 2) in rectangular configur
xperiments (Figs. 9 and 10), from which it is clear that th
oncentration and accumulation of metal contaminants i
aused by the hydroxide precipitation.

The removal efficiencies of Cd and Pb were significa
ifferent, with the removal efficiencies of Pb being m

ower than those of Cd in all tests (Table 4). This may be
esult of the different geochemical characteristics of Cd
b. Lead has a much higher affinity for kaolinite surfa
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than Cd, and Pb is retained significantly by kaolinite even
in conditions of low pH[3,9,10]. This may explain why the
migration of Pb was delayed and the removal efficiency of
Pb decreased.

The mass balance was checked in each test and the re-
sults are summarized inTable 5. After each test, recoveries
of metal species were in the range of 86–96%. In addition,
power consumptions of each test were calculated. In the rect-
angular configuration, 417 and 334 kWh/t were consumed
during tests 1 and 2, respectively. The power consumptions
in the cylindrical configuration were 1246 kWh/t for test 3,
1019 kWh/t for test 4, and 671 kWh/t for test 5.

4. Conclusions

One of the major drawbacks of using conventional (unen-
hanced) electrokinetic (EK) soil processing to remove heavy
metal contaminants involves hydroxide precipitation in the
soil fraction near the cathodic electrode. In an effort to over-
come this defect, electrodialytic soil processing in the form
of EK soil processing enhanced with ion exchange mem-
branes (IEMs) was evaluated for its efficiency in removing Cd
and Pb from artificially contaminated kaolinite. Additionally,
the auxiliary solution cell (ASC) was tested to prevent foul-
i em-
b sing.
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the Arsenic Geoenvironment Laboratory (NRL) at Gwangju
Institute of Science and Technology (GIST), Republic of
Korea.
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