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ABSTRACT

Numerical and experimental studies were conducted to understand the

Pb(II) transport through the fine-grained soil of low-hydraulic per-

meability under electrical fields. The numerical model involved multi-
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ORDER                        REPRINTS

component species transport under coupled chemical and electrical poten-

tial gradients and incorporated several chemical reactions occurring

within the kaolinite clay during the processing, such as aqueous phase

reaction, adsorption, and precipitation. The model also emphasized

physicochemical factors such as soil pH and zeta potential, which vary

with location and processing time and directly affect the transport of

species. The model predicted the soil pH distribution as well as the trans-

port and fate of Pb(II). The validity of the model was confirmed by

comparing the model prediction with experimental results. The model

simulation and experimental results, using unenhanced and enhanced

tests, clearly demonstrated that the change in pH within the soil specimen

is a crucial factor affecting the solubilities of Pb(II) and its adsorption to

the soil, resulting in governing the removal of Pb(II) by electrical fields.

This study confirms that enhancement methods should be considered to

control soil pH, in order to improve electrokinetic removal of heavy

metal contaminants.

Key Words: Kaolinte clay; Lead [Pb(II)]; Electrokinetic removal; Soil

pH; Enhancement.

INTRODUCTION

Recently, it has been reported that soil contamination by heavy metals,

which cause serious human health problems, is increasing in various sites

including residential areas near industrial complexes and reservoirs of drink-

ing water. However, technologies for decontaminating these sites have not

been well developed, particularly for fine-grained soils of low hydraulic

permeability such as clay. Among newly developed techniques, electrokinetic

processing has proved to be one of the most promising techniques in removing

contaminants from low-permeability soils.[1 –11] Electrokinetic remediation

involves passage of direct current in the order of mA/cm2 through soil to

remove/extract radionuclides, heavy metals, certain organic compounds, or

mixed inorganic and organic wastes from soils and slurries. The major advan-

tages of the electrokinetic remediation include:[12] (a) a specific applicability

to low permeability soils, e.g., clayey soils. Such soils have a greater ability to

adsorb pollutants, and therefore are resistant to common in-situ remedial

techniques, such as the pump-and-treat method, which would require a very

high-hydraulic gradient to be efficient; (b) a high degree of controllability

of flow direction, unlike soil flushing; (c) the capability of removing a wide

range of contaminants, e.g., heavy metals, radionuclides, and organic

compounds; and (d) a low electric power consumption. Until now, numerous

researches using numerical modeling, laboratory and pilot-scale experiments,

Kim et al.1928
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and field applications have evaluated and assessed electrokinetic processing.

Drawbacks and imperfections of those studies are well documented by Page

and Page[10] and Kim.[13]

Lead has been considered as one of the most hazardous contaminants

together with cadmium, copper, mercury, nickel, and zinc. The divalent

form (þ2 oxidation state) is the most common and is capable of replacing

calcium, strontium, barium, and potassium in soils. Lead is present in uncon-

taminated soils at the range of 10–84mg/kg (worldwide means),[14] but much

higher concentrations have been reported in many areas as a consequence of

anthropogenic emissions such as mining and smelting activities, manures,

paints, batteries, and vehicle exhausts.[15] Once lead is released into the

environment, it has a long residence time compared with most other pollu-

tants, because lead and its compounds tend to easily accumulate in soils and

sediments due to their low solubility and relative freedom from microbial

degradation.[15] In addition, lead is the least mobile heavy metal in soils,

especially under reducing or nonacid conditions. A number of researchers

have demonstrated that lead has strong affinity with and high selectivity

onto reactive sorbents such as goethite and other hydrous oxides as a result

of adsorption, ion exchange, and complexation.[16–18] Furthermore, lead is

toxic to human health, and it is well known that lead poisoning gives rise to

mental impairment in young children, anemia, various digestive disorders,

and central nervous system effects. In addition, concentrations of lead in

many environments are sufficiently high as to pose a potential risk to

human health. Lead was selected as a target heavy metal in this study due

to its distinct geochemical characteristics and toxicity.

In this study, we developed one-dimensional numerical modeling for

coupled multicomponent species transport through kaolinite clay under

chemical and electrical gradients. The model included chemical reactions

such as electrolysis of water, aqueous phase reaction, adsorption, and precipi-

tation. However, the purpose of the model was not to evaluate general features

of an electrokinetic system, but to investigate the specific system of the

electrokinetic transport of lead in kaolinite at laboratory scale. The model

predictions were validated by comparison with experimental results. Based

on the numerical simulations and experimental results, the most important

factor controlling the species transport was evaluated.

THEORETICAL

If electrical and chemical gradients are imposed on a soil–water-

contaminant system, fluxes of fluid and mass are initiated through soil

media. The fluid flux due to electrical gradient, termed electroosmosis, can

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1929
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be expressed using the Helmholtz–Smoluchowski theory:[14,19,20]

Jw ¼ ÿkeorF ð1aÞ

The value of keo is a function of zeta potential, viscosity of fluid, porosity, and

electrical permeability of soil, and is given by:[14,21]

keo ¼
1zn

m
ð1bÞ

According to the Helmholtz–Smoluchowski theory, electroosmotic

permeability coefficient (keo) is independent of pore size, unlike the hydraulic

conductivity (kh). Published figures for keo, determined experimentally, show

that it is relatively independent of soil type and values generally fall in the

narrow range between 1029 and 1028m2/V sec compared with the kh values

between 10213 and 1025m/sec.[10,14] Therefore, an electrical gradient is more

effective than a hydraulic gradient in moving liquid through fine-grained soils,

and it is assumed that the hydraulically driven advection flow is negligible,

i.e., no hydraulic head exists, in this study. The detailed discussion of the

keo value is presented in the later section, Model Predictions.

Mass flux of chemical species is caused by different mechanisms, and

the total mass flux can be estimated by considering the mass transport by

diffusion, electromigration, and electroosmotic advection in the system

under chemical and electrical gradients:[14,19,22,23]

Ji ¼ D�
i rðÿciÞ þ ciðu

�
i þ keoÞrðÿFÞ ð2Þ

The effective diffusion coefficient in the porous medium, Di
�, is expressed by

the respective diffusion coefficient in free solution, Di:
[20,23,24]

D�
i ¼ ntDi ð3Þ

Typical values of t are reported in the range 0.01–0.67.[25–27] Hence, the

mass transport due to diffusion in porous media is slower than the mass trans-

port due to diffusion in free or aqueous solution. The effective ionic mobility,

ui
�, describes the velocity of the ion in soil pores under electric field. Even

though the accurate measurement of the value is significantly difficult, the

value can be estimated theoretically using the Nernst–Einstein relation

between the molecular diffusion coefficient, Di, and the ionic mobility,

ui:
[19,23,28]

u�i ¼
D�

i ziF

RT
¼ ntui ð4Þ

The values of ionic mobilities and effective ionic mobilities are negative for

anions but positive for cations.

Kim et al.1930
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A time-dependent equation for the conservation of mass is used to

describe transient mass transport of species i:

n
@ci

@t
¼ ÿrJi þ nRi ð5Þ

The production in Eq. (5), Ri, can be simplified using algebraic equations

describing chemical reactions such as aqueous phase, adsorption, and precipi-

tation reactions:

Ri ¼ R
aq
i þ Rad

i þ R
p
i ð6Þ

All the chemical reactions involved are assumed to be under instan-

taneous equilibrium state. The water-autoionization reaction is taken into

account as the aqueous phase reaction. In addition, the linear adsorption

isotherm of Pb(II) onto kaolinite clay was determined by adsorption

experiments, and was used to describe adsorption reaction. This empirically

determined adsorption isotherm of Pb(II) onto kaolinite clay is fully explained

in the later section, “Model Predictions”. Finally, the solubility product of lead

hydroxide, Ksp
Pb(OH)2, is introduced to model precipitation reaction. Herein, the

algebraic equations describing the aqueous phase reaction and precipitation

are as follows:

cHcOH ¼ Kw ¼ 10ÿ14 ð7aÞ

c2OHcPb � KPbðOHÞ2
sp ¼ 1:2� 10ÿ15 ð7bÞ

The total change of OH2 concentration due to both reactions is obtained

by combining the water-autoionization reaction and precipitation reaction:

DcOH ¼ DcH þ 2DcPb ð8aÞ

ROH ¼ R
aq
H þ 2R

p
Pb ð8bÞ

For one-dimensional implementation, four initial conditions and eight

boundary conditions are required for four partial differential equations

(PDEs) describing the transport of four chemical species in the soil pore

fluid, i.e., Pb2þ, Hþ, OH2, and NO3
2. Additionally, four algebraic equations

are used to describe the chemical reactions of Pb2þ in the pore fluid such as

Eqs. (7a), (7b), and (8b), and the adsorption isotherm of Pb2þ. Imposing

the electroneutrality constraint on the system, one PDE disappears, thus the

total number of PDEs decreased to three. Therefore, three initial conditions

and six boundary conditions are required. Boundary conditions for PDEs

describing species transport are given by species flux, and electrolysis

reactions occurring in the electrodes.

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1931
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Transport of Pb(II) under electrical and chemical gradients is described as:

n
@cPb

@t
¼ D�

Pb

@
2cPb

@x2
þ ðu�Pb þ keoÞ

@cPb

@x

@F

@x
þ cPbðu

�
Pb þ keoÞ

@
2F

@x2

ÿ Rad
Pb ÿ RP

Pb ð9Þ

Boundary conditions for Eq. (10) are expressed as:

JPb x¼0j ¼ 0 ÿ D�
Pb

@cPb

@x
ÿ cPbðu

�
Pb þ keoÞ

@F

@x

�

�

�

�

x¼0

¼ 0 ð10aÞ

JPb x¼Lj ¼ cPbJw ÿ D�
Pb

@cPb

@x
ÿ cPbðu

�
Pb þ keoÞ

@F

@x

�

�

�

�

x¼L

¼ ÿcPbkeo
@F

@x
ð10bÞ

The boundary conditions for Hþ and OH2 can be expressed using the

amount of each ion produced by electrolysis reactions at the electrodes and

transient volumes of both electrode reservoirs changed in time due to electro-

osmotic flow. In addition, the Faraday efficiency determined empirically is

used for the generation of hydrogen and hydroxide ions. The volume changes

in both electrode reservoirs are related to electroosmotic flow estimated using

electroosmotic permeability coefficient (keo), as shown in Eq. (1a), whose keo
value can be calculated by the empirically determined relation between zeta

potential (z) and pH. Therefore, the boundary concentrations of hydrogen

and hydroxyl ions can be expressed as a function of reservoir volume and

processing time. The electric potential gradient in the numerical simulation

is assumed to be constant across the soil bed throughout the simulation. As

a matter of fact, the local voltage gradient is determined by the local conduc-

tivity, and this is a major feature of electrokinetic system. In order to complete

the simulation, however, a complicated and tremendous task should be

required, because the local conductivity should be expressed as a function

of the local concentrations of ions involved, which are unknown values

in the model. There has been numerous research about the procedure to

numerically solve this problem so far.[20,29–31] To avoid the complexity,

however, the value of constant electrical gradient used in this model simu-

lation was empirically determined after several experiments. The average

value of voltage gradients measured in the experimental studies is used in

the numerical simulation.

Kim et al.1932
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The PDE expressing Hþ transport is given by:

Rd
H

@cH

@t
¼ D�

H

@
2cH

@x2
þ ðu�H þ keoÞ

@cH

@x

@F

@x
þ cHðu

�
H þ keoÞ

@
2F

@x2
ÿ R

aq
H ð11Þ

There is no specific study available on sorption of Hþon kaolinite.

Alshawabkeh and Acar[20] suggested that a value of RH
d was 4.6, based on

the results of pilot-scale tests using kaolinite conducted by Acar and

Alshawabkeh.[32] The retardation factor of Hþ, RH
d , was determined in this

study by several experiments, which followed the method suggested by Alsha-

wabkeh and Acar.[20] The average value of 4.0 was selected as RH
d in this

numerical modeling. Boundary conditions for Eq. (11) are expressed as:

cH x¼0j ¼ canodeH þ
ðIhtAÞ

FðVanode ÿ VeoÞ
ð12aÞ

cH x¼Lj ¼
10ÿ14

cOH
ð12bÞ

The value of h represents the lumped parameter used to account for the

buffering in the reservoirs, efficiency of electrolysis, etc. It was experimentally

measured in this study, and ranged from 0.18 to 0.20. In the numerical

modeling, the average value of 0.19 was used.

The OHþ transport equation is given by:

n
@cOH

@t
¼ D�

OH

@
2cOH

@x2
þ ðu�OH þ keoÞ

@cOH

@x

@F

@x
þ cOHðu

�
OH þ keoÞ

@
2F

@x2
ÿ R

aq
OH ð13Þ

Boundary conditions are:

cOH x¼0j ¼
10ÿ14

cH
ð14aÞ

cOH x¼Lj ¼ ccathodeOH þ
ðIhtAÞ

FðVcathode ÿ VeoÞ
ð14bÞ

Finally, it is unnecessary to describe the transport equation of NO3
2,

because the time-dependent concentrations of NO3
2 in local points can be

obtained by imposing the electrical neutrality constraint in the system:

cNO ¼ ÿ

P3
k¼1 zkck

zNO
ð15Þ

where k ¼ 1, 2, and 3 correspond to Pb2þ, Hþ, and OH2, respectively.

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1933
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Finite difference method (FDM) and explicit forward time and centered

space (FTCS) schemes were used to solve the developed governing equations

describing the transport of fluid and contaminant through kaolinite clay under

electrical fields numerically. Two numerical programs were developed to

simulate the transport of Pb(II) in both unenhanced and enhanced electro-

kinetic processing. In the modeling for enhanced electrokinetic processing,

the conditionings of anolyte and catholyte were designed to boost hydrogen

ions in anolyte and to buffer hydroxyl ions in catholyte with 0.001M

(pH ¼ 3) and 0.1M (pH ¼ 1) nitric acid solutions, respectively.

EXPERIMENTAL

The experimental apparatus consists of four principal parts: soil cell, elec-

trode compartments, electrolyte solution reservoirs, and power supply (Fig. 1).

The acryl soil cell measures 10 cm � 10 cm � 15 cm with a volume of

1500 cm3. The soil was separated from the electrode compartment by two

sheets of porous polyethylene-terephthalate (PET) filter, preventing soil

particles from flowing into the electrode compartments. The anode was

made from platinum plate (10 cm � 10 cm) to prevent the introduction of

extraneous products due to electrolytic reaction of the electrode surface,

Figure 1. Schematic diagram of experimental apparatus.

Kim et al.1934
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whereas titanium plate (10 cm � 10 cm) was used as the cathode. The elec-

trode compartments containing 500mL of electrolyte solution were connected

to tubes for supplying the purge solutions and for withdrawing the contami-

nant solution, ensuring that sufficient volume was present to avoid sudden

variation of each electrolyte solution. In addition, the compartments also

contained vents for discharging the oxygen and hydrogen that are produced

by the electrolysis of water at both electrodes. Two mass cylinders (2 L

volume) were used as electrolyte solution reservoirs to measure the volume

of water transported. The electrolyte solutions were recirculated in both

electrode compartments by peristaltic pumps (Masterflex, 1–100 rpm, 3

heads), and a BIORAD DC power supply (model PowerPac 200, 5–200V,

0.01–2A, 200W) was used.

Kaolinite clay was used in this experimental study, since it is one of the

most common clay soils in Korea and frequently used as soil media in the

researches on electrokinetic processing due to its low hydraulic permeability

and low activity on heavy metals among various clayey soils. The soil speci-

men was prepared by spiking kaolinite with 3 L of 14,000mg/L Pb(II)

solution, which was prepared by dissolving 67.82 g Pb(NO3)2 in 3 L of dis-

tilled water. The resultant kaolinite specimen contained 7000mg/kg of dry

soil (6.77meq/100 g of dry soil) of Pb(II). In order to examine whether elec-

trokinetic remediation technology would remove the contaminants adsorbed

by the clay mineral, it was designed to load the Pb(II) at the level of

7000mg/kg, which was below the maximum adsorbed concentration

(10,204mg/kg of dry soil, 9.85meq/100 g of dry soil) in kaolinite. Therefore,
all the Pb(II) species initially existed in adsorbed forms in the prepared

kaolinite soil. The slurries of kaolinite prepared were mixed mechanically

for 1 hr with an electric stirrer, and these mixtures were allowed to settle

down for more than 1 week in order to attain a uniform distribution of con-

taminant and to complete adsorption in the soil samples. Five grams of six

samples were then taken from the prepared soils for the determination of

initial concentration of Pb(II).

The soil cell was horizontally placed to diminish hydraulic gradients.

After treatment, five samples were obtained from the soil bed using a stainless

steel sampler (diameter: 1.2 cm) at every 3 cm to analyze the residual Pb(II)

concentrations and final soil pH. The samples taken were extracted by

Korea Standard Testing Method (KSTM); wet soil samples were dried at

1058C, 50mL of 0.1N HCl solution was added into 5 g of each dry soil sample

(dilution factor: 10) and then agitated (100 rpm, 308C, and 1 hr). The solutions

were then analyzed by ICP-AES (ICP-AES, Thermo Jarrel Ash, USA).

Two different types of tests, unenhanced (conventional) and enhanced tests,

were undertaken to compare the effectiveness of the two processes. Table 1 sum-

marizes the parameters used in each experiment. Distilled water was used as

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1935
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anodic and cathodic electrolyte solutions in the unenhanced test, whereas 0.001

and 0.1M HNO3 were used in the enhanced test. One of the main drawbacks of

the conventional (unenhanced) electrokinetics is precipitation of hydroxides

near the cathode due to generation of hydroxyl ions by the electrolysis of

water occurring at the cathode and migration into soil specimen, resulting in

decrease of the effectiveness of the technology. In order to prevent this precipi-

tation, 0.1M HNO3 was used as catholyte for buffering those hydroxyl ions and

maintaining the pH below 3. In addition, 0.001MHNO3 anolyte was used in the

enhanced tests to boost the level of hydrogen ions and enhance the reactivity of

hydrogen ions with Pb(II) species, for the purpose of both decreasing the treat-

ment time and increasing the removal efficiency.

RESULTS AND DISCUSSION

Model Predictions

Parameters and constants related to the kaolinite soil were evaluated,

either through laboratory tests or through approximation using literature

data (Table 2). Porosity and bulk density of kaolinite soil were experimentally

determined. The tortuosity factor (t) for kaolinite modeled was not determined

experimentally, but a value of 0.40 was used in this study. In general, typical

values of t vary in the range 0.01–0.67 according to the soil type, and vary

over a narrow range between 0.12 and 0.50 for kaolinite.[24,26,27] The electro-

osmotic permeability coefficient in Eq. (1), keo, is a soil property indicating the

hydraulic flow velocity under a unit electrical gradient. Measurement of keo
can be made by determination of the flow rate of water through a soil sample

Table 1. Experimental design of the unenhanced and enhanced tests.

Unenhanced test Enhanced test

Soil specimen Kaolinite clay

Contaminant Pb(II)

Initial concentration 7000mg/kg (6.77meq/100 g of dry soil)

Length (cm) and cross-sectional

area (cm2) of soil cell

15 and 100

Applied current (mA) 100

Applied current density (mA/cm2) 1

Duration (hr) 96 72

Anode purging solution Distilled water 0.001M HNO3

Cathode electrolyte solution Distilled water 0.1M HNO3

Kim et al.1936

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

of known length and cross-sectional area under a known electrical gradient.

From a number of experimental results, it is known that keo is generally

in the range of 1 � 1029–1 � 1028m2/V sec and keo is around 1 � 1029

m2/V sec for most clays.[9,14] It is noteworthy that the keo value is changed

during electrokinetic processing, since zeta potential (z) of the soil medium

varies with the soil pH change due to the acid and/or base front migration

from the anode and cathode, respectively. However, the values of keo and z

have been treated as constants in numerous model studies.[21–23,32–35] Mean-

while, Eykholt and Daniel[21] and Eykholt[34] suggested the relationship

between the change of pH and zeta potential. The empirical relation was

suggested as:[21,34]

zðmVÞ ¼ ÿ38:6þ 281eÿ0:48 pH ð16Þ

They did not directly measure the zeta potential, and used a regression

method using the data from Lorenz.[35] In this study, the pH-dependent zeta

potentials were experimentally determined using the instrument operated by

electrophoretic light scattering (ELS-8000, Otsuka Electronics, Japan).

Then, the relation between pH and z was empirically evaluated, and finally

the pH-dependent values of z were calculated at local points across the soil

Table 2. Measured parameters and related constants used in numerical modeling.

Parameters or constants

Program

PB-EKP PB-ENEKP

Operational condition Unenhanced Enhanced

Number of species 4

Length of soil specimen (m) 0.15

Number of sections 61

Stability criteria 0.001

Time step size (sec) 1

Porosity (n) 0.48

Bulk density (r, mg/m3) 1.3

Tortuosity factor (t) 0.4

Initial soil pH 5.4

Initial zeta potential (z, mV) 28.70

Initial electroosmotic permeability

coefficient (keo, m
2/V sec)

3.66 � 1029

Electrical permittivity (1, C/Vm) 7.0 � 10210

Viscosity of fluid (m, CV sec/m3) 0.001

Initial concentration of Pb(II) (mol/m3) 67.568

Electrical potential gradient (V/m) 40

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1937
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specimen during the modeling. Accordingly, the keo value was determined

from the calculated value of z based on Eq. (1b). The empirical relation

between pH and z is presented in Fig. 2, compared with the relation suggested

by Eykholt and Daniel.[21] This relation was used in the modeling to predict

the electroosmotic flow at each local point. The effective diffusion coefficients

and effective ionic mobilities of species are presented in Table 3, which were

calculated by the diffusion coefficients and ionic mobilities at infinite dilution.

The algebraic equation describing the adsorption of Pb(II) onto kaolinite was

developed based on the linear and pH-dependent adsorption isotherm deter-

mined empirically. The adsorption edge of Pb(II) and the linear relation

between pH and adsorption are presented in Fig. 3(a) and (b), respectively.

This relation was used for the calculation of adsorbed concentrations of

metal species in the model.

Soil pH values across the electrodes change from as low as 2 to as high as 12

with time in the unenhanced simulation [Fig. 4(a)] whereas pH values of the

enhanced simulation show different trends in the region near the cathode

[Fig. 4(b)]. The pH jump point after a 1-day run is observed in the region near

the middle of the soil bed (normalized distance from anode is about 0.67),

and it migrates toward the cathodic side with time, as shown in Fig. 4(a). It is

caused by the consumption of hydroxyl ions migrating from the cathodic bound-

ary as a result of the water production with hydrogen ions and the precipitation

Figure 2. Empirical relation between pH and zeta potential (z).

Kim et al.1938

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

reaction with aqueous phase Pb(II) species. The rate of the precipitation reaction

in the initial stage is not great due to the small amount of aqueous phase Pb(II)

species, since Pb(II) has very strong adsorption affinity onto kaolinite surface

even in low pH conditions, i.e., almost 60% of total Pb(II) exists as adsorbed

forms in the condition of pH ¼ 3, as presented in Fig. 3(b). In other words,

there is no precipitation reaction in the initial stage of simulation, since all the

Pb(II) species are partitioned in the adsorbed forms, i.e., the initial concentration

of the aqueous phase species is zero. Therefore, the hydroxyl ions migrate from

the cathode into the soil bed, and the pH jump point appears near the middle of

the soil bed in the early stage of the simulation. However, hydroxyl ions are con-

sumed due to precipitation reaction with the aqueous Pb(II) species, as the

adsorbed lead species are desorbed and/or converted into aqueous species and

those aqueous species migrate towards the cathode. Accordingly, the pH jump

point moves towards the cathodic side, and finally it appears at the region

very close to the cathode (at a normalized distance of 0.79). On the contrary,

the soil pH near the cathode does not increase in the enhanced simulation,

since the hydroxyl ions are buffered by the acidic solution in the cathodic bound-

ary and do not migrate into the soil bed. The final soil pH near the cathode is

observed below the initial soil pH 5.4.

The concentration profiles of different forms of Pb(II) for each simulation

are shown in Figs. 5 and 6. The initial total concentrations of Pb(II) in both

tests are equal (67.568mol/m3), and all the Pb(II) species initially exist as

adsorbed forms. Accordingly, the initial concentration of the aqueous phase

species is zero across the soil bed. This adsorbed species can be transported

only if the species are released in the pore fluid with the decrease of soil

pH. As the acid front transports from the anode to the cathode, the concen-

tration of the aqueous species increases as a result of the desorption of the

Table 3. Effective diffusion coefficients and effective ionic mobilities used in

numerical modeling.

Species

Diffusion

coefficient,

Di (m
2/sec)a

Ionic mobility,

ui (m
2/V sec)a

Effective

diffusion

coefficient, Di
�

(m2/sec)

Effective ionic

mobility, ui
�

(m2/V sec)

Pb2þ 9.45 � 10210 7.36 � 1028 1.81 � 10210 1.41 � 1028

Hþ 93.1 � 10210 36.25 � 1028 17.88 � 10210 6.96 � 1028

OH2 52.7 � 10210 20.58 � 1028 10.12 � 10210 3.95 � 1028

NO3
2 19.0 � 10210 7.44 � 1028 3.65 � 10210 1.43 � 1028

Note: Di
�
¼Di nt and ui

�
¼uint, where n ¼ 0.48 and t ¼ 0.4.

aData from Mitchell[14] and Alshawabkeh.[23]
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Figure 3. Experimental result of Pb(II) adsorption onto kaolinte: (a) adsorption edge

and (b) linear adsorption isotherm.

Kim et al.1940
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Figure 4. Model predictions of soil pH profiles in (a) the unenhanced simulation and

(b) the enhanced simulation (z, distance from anode and L, length of soil cell).
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adsorbed species. According to the linear and pH-dependent adsorption

isotherm of Pb(II) shown in Fig. 3(b), all the adsorbed Pb(II) species can be

desorbed and converted into aqueous phase species if the soil pH decreases

below about 1. However, the soil pH does not decrease so much (Fig. 4), and

all the adsorbed species cannot be converted into the aqueous species within

most of the soil bed [Figs. 5(b) and 6(b)]. Because the soil pH decreases down

to around 2 (Fig. 4), the maximum concentration of the aqueous species

cannot exceed around 70% of the total concentration, i.e., 47.3mol/m3, as

calculated from the linear adsorption isotherm [Fig. 3(b)]. In addition, it is

obvious that transport of the aqueous species is significantly delayed due to

Figure 5. Model predictions of concentration profiles of different forms of Pb(II) in

the unenhanced simulation: (a) aqueous form; (b) adsorbed form; (c) precipitated form;

and (d) total concentration (z, distance from anode and L, length of soil cell).

Kim et al.1942
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the high adsorption affinity onto kaolinite surface, as shown in Fig. 5(a), even

though Pb(II) has the largest ionic mobility among divalent heavy metals. On

the contrary, the aqueous species more rapidly transport in the enhanced simu-

lation than in the unenhanced simulation, because the soil pH decreases more

rapidly and the adsorbed species are easily released into the pore fluid in the

enhanced removal test as a result of the addition of 0.001M acid into the ana-

lyte. The adsorbed and precipitated species are accumulated within the high

pH region in the unenhanced simulation [Fig. 5(b) and (c)], whereas they

are significantly decreased in the enhanced simulation [Fig. 6(b) and (c)].

A number of concentration peaks appear in the concentration profiles of the

Figure 6. Model predictions of concentration profiles of different forms of Pb(II) in

the enhanced simulation: (a) aqueous form; (b) adsorbed form; (c) precipitated form;

and (d) total concentration (z, distance from anode, and L, length of soil cell).
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adsorbed species of the unenhanced test [Fig. 5(b)], resulting from the pH fluc-

tuation due to the continuous consumption of hydroxyl ions by the precipi-

tation reaction in that region. On the other hand, multipeaked precipitations

curves in Fig. 5(c) were caused by the coupled effect of local pH conditions

and the constraint of the law of mass action. The local pH conditions change

each time step due to the transport of hydrogen and hydroxide ions and govern

the concentrations of aqueous, adsorbed, and precipitated phases of lead. In

addition, the amount of precipitated lead at local points should be restricted

by the law of mass action expressed in Eqs. (7a) and 7(b) and 8(a) and 8(b).

To say phenomenologically, if the amounts of aqueous lead species and

hydroxide ions are larger at certain local point [e.g., the former peak in

Fig. 5(c)] than at other points [e.g., the latter peak in Fig. 5(c)] and those

amounts satisfy the law of mass action, then two different peaks appear. It

can be explained by the fact that the aqueous lead species and hydroxide

ions migrate from the anodic and cathodic sides, respectively, and those

two species have different ionic mobilities, while in turn the different amounts

of those two species appear at each local point and finally the amount of pre-

cipitated lead is determined by the law of mass action. Accordingly, the multi-

peaked precipitations curves can be shown in the simulation. As shown in

Fig. 5(d), the total concentration near the cathode region increases more

than five times the initial concentration after the unenhanced simulation,

and that concentration can be mainly attributed to the adsorbed and the preci-

pitated forms of Pb(II). Accordingly, the final total amount of Pb(II) accumu-

lated in that region cannot be easily removed in the unenhanced processing,

even though the simulation is extended. For this reason, the unenhanced (con-

ventional or standard) electrokinetic technology can be considered as electro-

accumulation or electroconcentration processing rather than extraction or

separation processing. In the case of the enhanced simulation, however, the

final total amount of Pb(II) near the cathode is mainly contributed to the accu-

mulated amount of the aqueous species migrating from the anodic side, and

therefore it can be decreased with the extended running of the simulation.

Consequently, the enhancement technique in electrokinetic processing is

successfully used to avoid the precipitation occurring in the zone of high

pH near the cathode. The effectiveness of the enhanced treatment is verified

by comparison of the predictions between the unenhanced and the enhanced

simulations.

Comparison of Model Predictions and Experimental Results

The predominant process controlling the contaminant transport through

soils under electric fields is the electrolysis of water at both electrodes,

Kim et al.1944
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which results in the formation of hydrogen ions and oxygen gas at the anode

and hydroxyl ions and hydrogen gas at the cathode. An acid front moves

across the soil specimen from the anode toward the cathode, while a base

front migrates from cathode to anode. The acid front moves faster than the

base front because the ionic mobility of hydrogen ions exceeds that of

hydroxyl ions and because the direction of electroosmotic flow is toward

the cathode in the high pH region above zero point of charge (zpc), i.e., in

the region where soil surface has negative zeta potential. After a while, the

soil under electric fields usually becomes more acidic throughout most of

its volume, except close to the cathode; where the acid and base fronts

meet, a sharp change in pH occurs due to the formation of water, which affects

the solubilities of contaminants and their adsorption onto the soil surface. If

the soil itself is highly buffered or alkaline, however, such acid front migration

effect is minimized. Like this, conditioning of catholyte by the addition of acid

is also effective because the hydroxyl ions generated by the water electrolysis

at the cathode can be continuously buffered to prevent the hydroxide precipi-

tation. In order to assess the effectiveness of the enhanced processing, con-

ditioning of catholyte using nitric acid was examined in this study. The

differences between the unenhanced and the enhanced processes are drasti-

cally observed in both soil pH and Pb(II) concentration profiles (Fig. 7).

The comparison of the numerically simulated soil pH profiles with experimen-

tal results shows a reasonable agreement [Fig. 7(a)]. The general trend of pH

distribution across the soil bed in relation to the acid and base front is shown in

both numerical and experimental results, particularly in the unenhanced test.

In addition, a drastic difference is visualized in between the unenhanced and

enhanced tests; numerical and experimental results demonstrate that a sharp

change in soil pH is nullified in the enhanced test as a result of addition

of nitric acid into catholyte. The movement of the acid front is slightly

faster in the numerical simulation than in the experimental measurement,

possibly due to the inaccurate consideration of retardation factor for transport

of hydrogen ions and the exclusion of kaolinite pH buffering capacity in

simulations.

Figure 7(b) presents the final distributions of total Pb(II) concentrations

numerically predicted and experimentally measured, showing that the

model predictions and experimental results are reasonably in good agreement.

The different profiles are clearly shown between the unenhanced and enhanced

tests, particularly in the zone near the cathode, where the normalized distance

from the anode is 0.6–0.78, the Pb(II) concentrations in the enhanced con-

dition are higher than those in the unenhanced condition [Fig. 7(b)], even

though the pH values are almost equivalent in that region [Fig. 7(a)]. It is

caused by the different operational times between the two simulations, i.e.,

the operational time of the unenhanced test (4 days) was larger than that of

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1945

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

Figure 7. Comparison between model predictions and experimental results: (a) pH

profiles; and (b) total Pb(II) concentrations in soil cell after treatment (z, distance

from anode and L, length of soil cell).

Kim et al.1946
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the enhanced simulation (3 days); these different operational times caused the

difference of the Pb(II) species contributing the total concentrations in that

region. Comparing the major phase of Pb(II) in that region between both simu-

lations, the amount of the aqueous species shows a significant difference [see

Figs. 5(a) and 6(a)], i.e., that of the enhanced simulation is much larger than

that of the unenhanced simulation, because 3 days in the enhanced simulation

is not enough operational time to sweep all the aqueous. A major discrepancy

between the model predictions and the experimental results is observed near

the cathode. This suggests that it should be more deliberated to describe the

more reasonable change in pH, adsorption, and precipitation reactions in the

region near the cathode in model simulations. In addition, the hydrolytic pro-

ducts of lead should be considered. Over the pH ranges considered, PbOHþ,

Pb(OH)2
0, and Pb(OH)3

2may be important species whose mobilities are signifi-

cantly different from thet of Pb2þ. More importantly, these hydrolytic products

may increase the overall solubility of Pb(II).

CONCLUSIONS

In order to simulate Pb(II) removal from kaolinite clay using electro-

kinetic technique, a numerical model based on the one-

dimensional diffusion–advection equation was examined in this study. The

model considered multicomponent species transport under electrical and

chemical gradients as well as coupled chemical reactions, such as electrolysis

of water, aqueous phase reaction, adsorption, and precipitation, to describe the

transport of different Pb(II) species across the soil specimen under electric

fields. In particular, two different simulations (unenhanced vs. enhanced

tests) were undertaken to theoretically highlight the main drawback of the

unenhanced (conventional) electrokinetic processing and to assess the

enhanced processing using a simple enhancement, acidic conditioning of cath-

olyte. The unenhanced simulation clearly showed the major defect of the con-

ventional electrokinetic processing, e.g., a sharp pH jump and precipitation of

Pb(II) species in the region near the cathode as a result of migration of

hydroxyl ions generated by electrolysis of water at the cathode. On the con-

trary, those problems were settled in the enhanced simulation. The numerical

predictions for soil pH and Pb(II) concentration profiles were generally in

good agreement with the experimental results, except for a slight discrepancy

near the cathode. More deliberated consideration of factors controlling the

changes in soil pH, adsorption, hydrolytic products of lead, and precipitation

near the cathode is required in the numerical modeling.

This study clearly demonstrates that successful clean-up of Pb(II)-

contaminated kaolinte clay by electrokinetic technique depends on
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avoiding the precipitation of Pb(II) hydroxides near the cathode through the

maintenance of metal ion solubility. Consequently, control of pH is of great

importance in electrokinetic removal of heavy metals.

NOMENCLATURE

A cross-sectional area of the electrodes (0.01m2)

ci concentration in aqueous phase for the ith chemical species (mol/
m3)

cH
anode initial concentration of Hþ in the anode compartment

cOH
cathode initial concentration of OH2 in the cathode compartment

Di diffusion coefficient for the ith chemical species in free

solution (mol/m3)

Di
� effective diffusion coefficient for the ith chemical species (m2/sec)

F Faraday’s constant (96,485C/mol)

I electric current density applied in the system (10A/m2)

Jw electroosmotic flow rate (m/sec)
keo electoosmotic permeability coefficient (m2/V sec)

L length of the soil cell

n porosity of soil

R universal gas constant (8.3144 J/Kmol)

Ri production rate of the ith chemical species due to chemical

reactions

Ri
aq production rate of the ith chemical species due to aqueous phase

reaction

Ri
ad production rate of the ith chemical species due to adsorption

reaction

Ri
p production rate of the ith chemical species due to precipitation

reaction

RH
d retardation factor of Hþ

T absolute temperature (K)

t simulation time

ui ionic mobility for the ith chemical species at finite dilution (m2/
V sec)

ui
� effective ionic mobility for the ith chemical species (m2/Vsec)

Vanode initial volume of anolyte in the anode reservoir

Vcathode

initial volume of catholyte in the cathode reservoir

Veo volume of water transported from anode to cathode by

electroosmotic flow

zi charge for the ith chemical species

Kim et al.1948
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Greek Symbols

1 permittivity of the medium (F/m)

z zeta potential (V)

h lumped parameter

m viscosity of fluid (N sec/m2)

t tortuosity factor of the soil medium

F electric potential (V)

ACKNOWLEDGMENT

This work was supported by the Postdoctoral Fellowship Programs of

Korea Science & Engineering Foundation (KOSEF) and by Brain Korea 21

Program at the Department of Earth and Environmental Sciences in Korea

University from the Ministry of Education. We also acknowledge the support

from KOSEF through the Environmental Geosphere Research Lab (EGRL) of

Korea University. The second author (JJK) was supported by the Climate

Environment System Research Center sponsored by KOSEF.

REFERENCES

1. Acar, Y.B.; Alshawabkeh, A.N. Principles of electrokinetic remediation.

Environ. Sci. Technol. 1993, 46, 2638–2647.

2. Lageman, R. Electroreclamation: applications in the Netherlands.

Environ. Sci. Technol. 1993, 27, 2648–2650.

3. Acar, Y.B.; Gale, R.J.; Alshawabkeh, A.N. Electrokinetic remediation:

basics and technology status. J. Hazard. Mater. 1995, 40, 117–137.

4. Alshawabkeh, A.N.; Yeung, A.T.; Bricka, M.R. Practical aspects of

in-situ electrokinetic extraction. J. Environ. Eng. 1999, 125, 27–35.

5. Zagury, G.J.; Dartiguenave, Y.; Setier, J.C. Ex situ electroreclamation of

heavy metals contaminated sludge: pilot scale study. J. Environ. Engrg

1999, 125, 972–978.

6. Li, R.S.; Li, L.Y. Enhancement of electrokinetic extraction from lead-

spiked soils. J. Environ. Eng. 2000, 126, 849–857.

7. Kim, S.O.; Moon, S.H.; Kim, K.W. Enhanced electrokinetic soil remedia-

tion for removal of organic contaminants. Environ. Technol. 2000, 21,

417–426.

Electrokinetic Removal of Pb(II) from Kaolinite Clay 1949

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

8. Kim, S.O.; Moon, S.H.; Kim, K.W. Removal of heavy metals from soils

using enhanced electrokinetic soil processing. Water Air Soil Pollut.

2001, 125, 259–272.
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