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Abstract

A numerical analysis was undertaken for enhanced electrokinetic soil processing. To perform
chemical conditioning of the electrode reservoirs, the electrokinetic soil process employed a mem-
brane as a barrier between the electrode reservoirs and the contaminated soil. An alkaline solution
was purged in the anode reservoir that was bounded by the membrane. A mathematical model was
used for demonstration of pH change and phenol removal from a kaolinite soil bed, the prediction
of pH variations in both electrode reservoirs, and the determination of an optimized injection time
of the anode-purging solution. The time-dependent dispersion coefficient was employed in consid-
eration of the averaging effect of the velocity profile on a one-dimensional transport. The estimation
of pH and phenol profiles in the soil bed reasonably agreed with the experimental data. The simu-
lation revealed that the removal efficiency of phenol from the kaolinite soil could be improved by
maintaining pH of the anode solution.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords:Numerical analysis; Chemical conditioning; Electrokinetic soil process; Membrane; Phenol

1. Introduction

In situ remediation and treatment of contaminated soil and groundwater in hazardous
waste sites pose a significant issue to the environment, and such an issue implies very
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difficult technological challenges. Technologies, such as bioremediation, vapor extraction,
and pump-and-treat processes, which are aimed at addressing problems of this kind, have
been found ineffective when utilized in soils with low permeability[1–6].

Page and Page have excellently provided a comprehensive review on electrokinetic re-
mediation of soils[7]. Electrokinetic soil processing is a promising technology for cleaning
up soils or slurries contaminated with certain radionuclides, heavy metals, or organic com-
pounds[8]. This process applies a low-level direct current (dc) between a pair of electrodes
placed in a contaminated soil to establish an electric field. As soil contaminants are trans-
ported towards one of the electrodes due to the electric field, they may then be removed
from the soil bed. Two main mechanisms are responsible for this transport: electromigration
and electroosmosis. In electromigration, positively charged ions move toward the cathode
while negatively charged ions move to the anode. Electrolysis of water, which produces
hydrogen ions at the anode and hydroxyl ions at the cathode, will lower the pH level around
the anode and help metal-precipitates dissolve. The dissolved metal cations then move to
the cathode, while hydroxyl ions produced around the cathode move to the anode through
electromigration. In electroosmosis, a thin layer of positively charged fluid (i.e. the diffused
electrical double layer that contains concentrated cations) adjacent to the negatively charged
pore wall is pulled toward the cathode. This results in the overall pore liquid movement
toward the cathode.

Another transport mechanism involved in the electrokinetic processes is electrophoresis.
Electrophoresis, convection of the bulk liquid, accompanies the movement of charged col-
loidal particles under an applied electric field. However, colloidal transport is not a dominant
mechanism in a compact soil with low permeability[9]. In this case, the convection of the
bulk liquid is also negligible.

Hydrogen ions and hydroxyl ions generated at the electrodes can adversely affect the effi-
ciency of the electrokinetic process. In normal electrokinetic soil processing, the production
of those ions could lead to a pH level below 2 at the anode and above 10 at the cathode in the
soils with a low buffering capacity[10–12]. The mobility of protons is approximately twice
as great as that of hydroxyl ions. Therefore, the acid front associated with protons propagates
toward the cathode much faster than the base front associated with hydroxyl ions. In the
removal of inorganic contaminants, metal hydroxide precipitation occurs near the cathode
causing also severe voltage drop between the electrodes in the soil, which then increases
power consumption. In removing organic contaminants, the protons, which are propagating
from the anode, reduce the zeta potential of the soil surface because the protons were ad-
sorbed at the surface of negatively charged soil particles. The reduction in zeta potential leads
to a lower electroosmotic velocity according to the Helmholtz–Smoluchowski relation[13].

ueo = −εζEx

µ
(1)

whereε is the permittivity of the pore liquid,ζ the zeta potential of the soil,Ex the electric
field parallel to the direction of the electroosmotic flow, andµ the viscosity of the pore
liquid.

Puppala et al.[14] suggested the following procedures to avoid the aforementioned situ-
ation and enhance the transport of contaminants: (1) periodically flush the area near either
or both electrodes using a fluid with a controlled pH and chemistry (conditioning fluid), (2)
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neutralize pH changes caused by electrolysis reactions by allowing the base/acid front to
move across the soil, (3) introduce complexing agents that form complexes with metal con-
taminants during transport, and (4) use special electrodes or membranes around electrodes
to control the chemistry near the electrodes.

The experimental data presented by Kim et al.[13] examined the use of a porous mem-
brane around electrodes for the phenol removal using chemical conditioning of electrode
reservoirs. Since electrode reservoirs could be chemically conditioned for pH control in
this scheme, the removal of phenol was enhanced by increased electroosmosis. This phe-
nomenon was described using a mathematical model by altering boundary conditions. The
objectives of this study were: (1) to develop a mathematical model in describing the be-
haviors of proton and phenol (C6H5OH) in an aqueous phase of a soil bed, and (2) to
mathematically evaluate the efficiency of chemical conditioning of electrode reservoirs in
the enhanced transport of soil contaminants.

2. Description of the mathematical model

The following assumptions are applied in development of the mathematical model used
in this study: (1) the porous medium is saturated and is negatively charged, (2) all fluxes
are linear functions of potential and hydraulic gradients, (3) the temperature is uniform,
(4) the chemical reactions are at instantaneous equilibrium, and (5) the soil is treated as
an electrically non-conductive material. The total flux of contaminant speciesi can be
described for a one-dimensional space based on diffusion (Fick’s first law), electromi-
gration (Nernst–Townsend–Einstein relation), electroosmosis (Helmholtz–Smoluchowski
relation), and hydraulic flow (Darcy’s law)[15,16].

Ji = −D∗
i

∂ci

∂x
− ci(u

∗
i + ke)

∂E

∂x
− cikh

∂h

∂x
; i = 1,2, . . . , N (2)

associated with the following relations:

D∗
i = Diτn (3)

u∗
i = uiτn = D∗

i ziF

RT
(4)

ke = εζ

τ2µ
(5)

whereJi is the total mass flux of the chemical speciesi per unit cross-sectional area of
the porous medium,D∗

i the effective diffusion coefficient of the chemical speciesi, ci the
molar concentration of the chemical speciesi,u∗

i the effective ionic mobility of the chemical
speciesi, ke the coefficient of electroosmotic permeability,E the electric potential,kh the
hydraulic conductivity,h the hydraulic head,Di the diffusion coefficient of the chemical
speciesi, τ the empirical tortuosity,n the porosity,ui the ionic mobility of the chemical
speciesi, zi the charge of the chemical speciesi, F the Faraday’s constant, 96485 C/mol,R
the universal gas constant, 8.314 J/(K/mol),T the absolute temperature, andN the number
of chemical species.
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The conservation of mass in a control volume of the porous medium, which contains
both liquid and solid phases, leads to:

∂nci
∂t

= −∂Ji

∂x
± nRi (6)

whereRi represents the net volumetric rates of production of speciesi due to sorption.
IncorporatingEq. (2)into Eq. (6),
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Ri can be described if the sorption of soil contaminants is assumed to be linear.
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whereρ is the dry bulk density andqi the mass of adsorbed speciesi per unit mass.Combining
Eqs. (7) and (8),
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where the retardation factor for speciesi, Rd
i is described as:(

1 + ρ

n
K
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i

)
= Rd

i (10)

whereK
p
i the solid/liquid phase partition coefficient for the chemical speciesi [16–19].

RewritingEq. (9),
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where,uei is the electromigration velocity,ueo the electroosmotic velocity, anduh the in-
terstitial velocity.

The electroneutrality condition is as follows:

N∑
j=1

zj cj = 0 (15)
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Fig. 1. A schematic diagram of experimental equipment.

Boundary conditions for the total hydraulic head at the electrode reservoirs are zero.

h|x=0 = h|x=L = 0 (16)

whereL is the total distance of a soil bed (seeFig. 1).
Boundary conditions for the total flux of speciesi are:

Ji = −D∗
i

∂ci

∂x
− (uei + ueo)ci; x = 0 (17)

Ji = −D∗
i

∂ci

∂x
− (uei + ueo)ci; x = L (18)

For determination of the boundary conditions for the fluxes of proton and hydroxyl ion,
each concentration of them in the both reservoirs should be considered. Two main water
electrolysis reactions occur at each electrode. At an anode the reaction is as follows:

2H2O → 4H+(aq) + O2(g) + 4e−. (19)

While at cathode:

2H2O + 2e− → 2OH−(aq) + H2(g). (20)

The pH of an anode-purging solution decreases due to the generation of protons, whereas
the pH of a cathode-purging solution increases due to the generation of hydroxyl ion. The
respective fluxes for the generation of proton at an anode and hydroxyl ion at a cathode are:

JH+ = ηH+IH+

F
(21)
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and

JOH− = ηOH−IOH−

F
(21)

whereηi is the efficiency of electrode for the chemical speciesi andI the current applied
along the soil. The efficiency of an electrode in generating protons at the anode and hydroxyl
ions at the cathode is assumed to be in unity, that is, all electric current is consumed for the
electrode reactions.

If neither acid nor base is added to the electrode reservoirs, the concentration of protons
at the anode and cathode reservoirs, respectively, are given as follows:

cH+ = 2Kw
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whereKw is the equilibrium constant for auto-ionization reaction of water (10−14 mol2/l2),
A the cross-sectional area of the system,!t the time step between a new point and an old
point, andVreservoirthe volume of each reservoir.

If xM (mol/l) of a base is added to the anode reservoir, the concentration of the proton
will be:
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wheren is the number of electron associated with the chemical reaction.
If yM of an acid is added to the cathode reservoir, the concentration of the proton will

be:
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The aforementioned governing equations along with the boundary conditions were solved
numerically using an explicitforward time and centered space(FTCS) scheme. Time deriva-
tives were discretized using the finite forward difference method, and spatial derivatives
were discretized by the finite central difference method to convert the governing partial dif-
ferential equations to a system of algebraic equations. The spatial derivative was evaluated
at thenth time level, i.e. at a known time level with a linear variation in electrical potential
and in hydraulic potential head across the soil bed[20].

The model used in this study has involved all the charged species such as H+, OH−, Na+,
and SO4

2−, and a non-charged species, phenol (as far as the solution pH is below its pKa
value, 9.9) existing in the aqueous phase of the soil bed by using three of the four transport
equations for the major charged species such as H+, OH−, Na+, and SO4

2−, and one for
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Table 1
Parameters used in numerical analysis

Parameter Value Reference

Length of soil bed (cm),L 15 [13]
Applied voltage (V),E 15 [13]
Porosity,n 0.52 [13]
Tortuosity,τ 1.25 [26]
Hydraulic permeability (m2/(Pa s)),kh 10−10 [26]
Permittivity of the pore liquid (F/m),ε 7.0× 10−10 [26]
Viscosity of the pore liquid (Pa s),µ 10−3 [26]
Phenol concentration (mol/l) 5.32× 10−3 [13]
Diffusion coefficient of H+ (m2/s),DH+ 9.31× 10−9 [25]
Diffusion coefficient of OH− (m2/s),DOH− 5.27× 10−9 [25]
Diffusion coefficient of Na+ (m2/s),DNa+ 1.33× 10−9 [25]
Diffusion coefficient of SO42− (m2/s),DSO4

2− 1.06× 10−9 [25]
Diffusion coefficient of C6H5OH (m2/s),DC6H5OH 1.00× 10−9 [26]
Diffusion coefficient of C6H5O− (m2/s),DC6H5O− 1.09× 10−9 [26]
Mobility of H+ (m2/(V/s)), uH+ 3.62× 10−7 [27]
Mobility of OH− (m2/(V/s)), uOH− 2.06× 10−7 [27]
Mobility of Na+ (m2/(V/s)), uNa+ 5.19× 10−8 [27]
Mobility of SO4

2− (m2/(V/s)), uSO4
2− 8.27× 10−8 [27]

Mobility of C6H5OH (m2/(V/s)), uC6H5OH 3.89× 10−8 [27]
Mobility of C6H5O− (m2/(V/s)), uC6H5O− 4.23× 10−8 [27]

phenol, and an electroneutrality equation to maintain charge balance. Using the electroneu-
trality equation, one of the transport equations was replaced by an algebraic equation. It was
noted the pH variations in the both reservoirs could not be directly used as the flux boundary
conditions because the interior of the electrode reservoirs was not included in the control
volume of the governing equations (seeFig. 1). However, the concentrations of proton and
hydroxyl ion in the both reservoirs were well imposed as those of the numerical domain at
the both boundaries since the soil has a low buffering capacity. Therefore, the concentrations
of proton and hydroxyl ion in the both reservoirs were calculated by theEqs. (22)–(25)to de-
termine flux boundary conditions. From the boundary condition atx = 0 and a known time,
the propagations of each flux were solved from the aforementioned five algebraic equations
including the electroneutrality condition along with soil parameters and proportionality con-
stants. Parameters in this numerical analysis are listed inTable 1. The experimental study
for the electrokinetic remediation of the soil bed contaminanted by phenol was conducted
at a constant current test as shown inTable 2. In order to describe transport of each species
in the soil bed using the governing equation,Eq. (11), however, a potential gradient was
needed to calculate electromigration and electroosmotic velocity. We observed that the po-
tential variation maintained to be approximately 15 V during the constant current operation,
and assumed the constant current test to be the semi-constant voltage test for simplification
of the model calculation. Although the local voltage gradient should be calculated from
local conductance of the chemical species in an aqueous phase and soil surface within the
soil bed by assuming continuity of electrical current for an accurate demonstration by the
model[21], it was very difficult to determine the surface conductivity of soil particles.
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Table 2
Experimental conditions for the two tests carried out in a previous study for the removal of phenol from the
kaolinite soil bed[9]

Conditions Experiment I Experiment II

Soil specimen Kaolinite Kaolinite
Contaminants Phenol (C6H5OH) Phenol (C6H5OH)
Initial concentration of contaminants (�g/g) 178.2 333.8
Applied current (A) 0.1 0.1
Area of soil cell (cm2) 81 81
Duration (h) 96 96
Anode-purging solution 0.1 M NaCl solution 2 l 0.1 M NaOH solution 2 l
Cathode electrolyte solution 0.25 M H2SO4 0.25 M H2SO4

Yeung and Dalta[22] has presented a robust numerical model of electrokinetic transport
in which the coupled flows of ionic contaminants were formulated by the formalism of
non-equilibrium thermodynamics to describe the simultaneous flows of fluid, electricity,
cation, and anion under the combined influences of hydraulic, electrical, and chemical
gradients and the resulting change of pH in the pore fluid as a function of time and space by
maintaining electrical neutrality. Using the developed numerical model, they showed good
agreement between computed and experimental results in a pH gradient, and predicted
other main inorganic ions which were involved in electrokinetic transport during treatment
of contaminated soils. In this study, we intended to develop a numerical model to predict
the phenol removal when enhancing the electrokinetic treatment process using chemical
conditioning of the electrode reserviors. We used the porous membrane as a barrier to fix
the boundaries of the reservoirs. Each concentration of the chemical species in the reservoirs
bounded by the porous membrane was significantly used as boundary conditions to predict
the variations of all the species involved in the transport under the electric field such as H+,
OH−, Na+, SO4

2− and phenol. Especially, concentrations of the proton and hydroxyl ion
could be accurately estimated by the electrolytic decomposition of water at the electrode,
based on Faraday’s law. For chemical conditioning of the electrode reservoir, a base was
added into the anode reservoir. Assuming that the instantaneous equilibrium occurred in the
reservoir, pH was computed precisely by the suggested equations (Eqs. (22)–(25)), and was
used as boundary conditions of the proton and hydroxyl ion. Thereafter, pH profiles across
the soil bed by the transport of an acid front during the process were predicted well by
the introduction of a time-dependent dispersion coefficient (to be discussed in this study)
even though the numerical approach using the coupled flows of ionic contaminants was
not considered. Moreover, the continuous pH change during electrokinetic soil processing
caused variation of the zeta potential of the soil bed, finally resulting in the change of
electroosmotic velocity and/or its direction. The electroosmotic velocity that significantly
determines the removal efficiency of phenol in the soil bed is very sensitive to pH of
the solution in the pore water. In order to include the phenomena in the model, we used
a pH-dependent zeta potential equation of kaolinite beds as determined from streaming
potential measurement by Lorenz[23] to determine zeta potentials of the kaolinite bed with
respect to pH. The equation is following:

ζ(mV) = −38.6 + 281 e−0.48 pH. (26)
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As a result, phenol profiles were fitted well with the experimental data. It was thought that
the estimation of pHs in the reservoir and the time-dependent dispersion coefficient enabled
to make accurate prediction of the pH profiles and the phenol profiles in the system.

The schematic of the experimental set-up used by Kim et al.[13] is shown inFig. 1.
Two experiments for removal of phenol were conducted to illustrate application of the
model in the enhanced electrokinetic soil processing. Experimental conditions used in the
study are summarized inTable 2. Experiments I and II were designed to determine which
anode-purging solution was more suitable in removing phenol from the kaolinite soil. Two
kilogram of air-dried kaolinite soils were mixed with a liter of 500 mg/l (Experiment I) and
a liter of 1000 mg/l (Experiment II) phenol solutions to obtain 50% (w/w) water content.
The slurry of soil samples was mechanically mixed for 1 h and was allowed to settle for
2 days to attain a uniform distribution of phenol. Other detailed procedures are described
elsewhere[13].

3. Results and discussion

3.1. pH variation in anode and cathode reservoirs

Understanding pH variations in the anode and cathode reservoirs is important for the
following reasons: (1) to determine when an acid or base needs to be added in each reservoir,
(2) to neutralize proton or hydroxyl ion generated from electrolysis, and (3) to accurately
set-up the boundary conditions for the numerical analysis.

The pH variation in both reservoirs is expressed as shown inEqs. (22) and (25)for
Experiment I, andEqs. (24) and (25)for Experiment II.Fig. 2 shows pH variations with
and without chemical conditioning in the reservoirs bounded by the membrane (seeFig. 1).
The extreme pH conditions as shown inFig. 2aare due to generation of proton and hydroxyl
ion at each electrode as described inEqs. (22) and (23). This condition may result in poor
removal efficiency due to the decreased electroosmotic velocity by the propagation of the
acid front and the reverse migration of phenol, which partly becomes anionic at a pH over
9.9 (pKa).

Fig. 2bshows the predicted and measured pH variations of both reservoirs when 0.25 M
H2SO4 cathode-purging solution was added to keep the pH of the cathode reservoir very
acidic. Chemical conditioning of the cathode reservoir may prevent the reverse migration of
phenol caused by increased pH near the cathode reservoir and then enhance the electrokinetic
process. However, the low pH of the anode reservoir could lower the electroosmotic velocity
as discussed earlier.

Fig. 2c shows the pH variation of both reservoirs when 0.1 M NaOH anode-purging
solution instead of 0.1 M NaCl anode-purging solution was used to neutralize the proton,
which was generated at the anode. This will keep the pH of the entire soil bed higher resulting
in the increased electroosmotic velocity. In the middle of the operation, the predicted pH of
the anode reservoir, however, decreases rapidly after 48 h when no additional base is added
in the anode reservoir. As a result, it was necessary to add a fresh anode-purging solution
because the hydroxyl ion, which was added initially in the anode reservoir, was completely
exhausted due to the quick reaction between H+ and OH− to form H2O. The experimental
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data inFig. 2calso show the pH variations when a fresh anode-purging solution was added
to the anode reservoir after 48 h for Experiment II. The pH variation of the anode reservoir
predicted byEq. (24)reasonably agrees with the experimental data with the addition of a
fresh solution.

Eqs. (22)–(25)gave the numerical prediction of the pH changes in both reservoirs and
the accurate injection time of each additional purging solution in order to maintain the

Fig. 2. pH variation in the anode and cathode reservoir: (a) pH variations calculated byEqs. (22) (solid line) and
(23)(dotted line) when no chemical conditioning, (b) comparison of pH variations between the experimental data
for Experiment I and calculated data byEqs. (22) (solid line) and (25)(dotted line) when chemically conditioned
in the cathode reservoir with 0.25 M H2SO4, (c) comparison of pH variations between the experimental data for
Experiment II and calculated data byEqs. (24) (solid line) and (25)(dotted line) without (solid line) and with
addition of 0.1 M NaOH (bold solid line) into the anode reservoir at 48 h.
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Fig. 2. (Continued).

pH of both reservoirs optimal for the electrokinetic process, as discussed earlier. Also, the
equations may provide optimum concentrations of anode- and cathode-purging solution
from prediction of the pH changes to improve the electrokinetic process and to minimize
the use of purging chemical solutions.

3.2. pH profile in the soil bed

Fig. 3ashows pH profiles across the soil bed along with numerical results for Experiment
I when chemical conditioning was carried out for the cathode reservoir only. The initial pH
of the soil bed was at 6.4. The experimental pH value dropped to about 0.5 within 72 h at
the anode region due to the generation of proton. The pH increase in the cathode region
was not observed because an acid was added to neutralize the hydroxyl ions generated
at the cathode. The pH decreased slightly due to the loss of proton added to the cathode
reservoir by the diffusion toward the anode and the propagation of the acid front from
the anode. Therefore, the acid front advance from the anode significantly affected the pH
profile of the pore water in the soil bed. The predicted pH profiles inFig. 3a indicate
that it is difficult to precisely predict pH change after 1 day. This phenomenon might
have been due to underestimation of the effect of the severe heterogeneity of the soil bed.
Along with electrokinetic transport, dispersion occurs in the soil bed due to diffusion,
mixing, a non-continuous flow path, and the parabolic velocity profile which are caused
by heterogeneity of the soil bed. Increment in the diffusion coefficient may improve the
agreement with experimental data. Therefore, we employed the time-dependent dispersion
coefficient to express the variation of diffusion coefficient as well as to average the parabolic
velocity profile of the fluid on a one-dimensional transport.Eq. (11)can be rewritten to
include the dispersion effect as shown below.
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Fig. 3. Numerical analysis of the pH profiles of the pore water in the soil bed for Experiment I with chemical
conditioning of 0.25 M H2SO4 in the cathode reservoir across the soil bed with the operation time (spots: exper-
imental data and lines: predicted data): (a) comparison between the experimental pH profiles and non-fitted pH
profiles in terms of dispersion, (b) comparison between the experimental pH profiles and fitted pH profiles in terms
of dispersion.
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where,e∗
i is the effective dispersion coefficient of the chemical speciesi andE∗

i (= D∗
i +e∗

i )

the overall dispersion coefficient of the chemical speciesi [24].
To estimate the experimental pH profiles numerically including the average effect of the

velocity profile of the fluid in the soil bed, the most suitable time-average mean dispersion
coefficient was selected and then the experimental data was fitted. Based on these values,
the time-dependence ofE∗

i was found to linearly correlated with time. Since the integration
of time-dependent dispersion coefficients could eliminate the tendency of the dispersion
coefficient to fluctuate with time, applying the time-averaging dispersion coefficient instead
of the time-dependent dispersion coefficient is more convenient in line with a well described
conservation equation of mass, which is in a control volume of the porous medium containing
both the liquid and solid phases. The time-average mean dispersion coefficient can be
calculated as follows[24]:

E∗
i = 1

tf − ti

∫ tf

ti

E∗
i (t)dt (29)

Finally, Eq. (27)becomes:
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Fig. 3bshows the results of Experiment I with a set of predicted results using the above
time-averaging dispersion coefficient. The predicted results agree well with the experimental
data. As expected, the pH decreases gradually as the acid front propagates toward the
cathode. This is due to the NaCl purging solution of the anode reservoir with no buffering
capacity to neutralize the proton produced in the anode.

Electroosmosis is the predominant mechanism in removing organic soil contaminants
such as phenol. Because electroosmosis is significantly dependent on soil pH, the soil pH
should be controlled to attain the most efficient electroosmosis state as discussed earlier.
Therefore, it is necessary to introduce chemical conditioning in the anode reservoir to buffer
the proton generated from the associated water electrolysis reaction. In Experiment II where
an NaOH purging solution was used to neutralize the hydrogen ion produced in the anode
reservoir, a 3D plot of the simulated results is found that the soil pH was only slightly
increased near the anode reservoir, and most of the soil bed was kept to be constant at about
6.4, which is the same as the initial pH of the soil bed as shown inFig. 4. From this pH
profile, it can be expected that the electroosmosis may increase in the soil bed, resulting in
enhancing the removal of phenol.

3.3. Phenol profile in the soil bed

For Experiment I, the concentration profiles of phenol in the soil bed are shown in
Fig. 5a. Both predicted and experimental results show that phenol from the kaolinite soil
has been gradually removed up to approximately 75% of its initial concentration in 4 days.
The fluctuation in the experimental data for the first 2 days might have been due to the
initial non-homogeneity of the soil bed even though the entire bed was initially mixed
before the experiment. For Experiment II, where the produced proton was neutralized at
the anode (seeFig. 4) by adding the basic purging solution, an increased (84.7%) removal
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Fig. 4. Numerical prediction of pH profiles of the pore water in the soil bed for Experiment II with chemical
conditioning of 0.1 M NaOH and 0.25 M H2SO4 in the anode and the cathode reservoir, respectively.

of phenol is observed in 4 days as shown inFig. 5b. As a result, no chemical conditioning
of the anode reservoir (seeFigs. 3b) led to reduction in the rate of electroosmotic flow by
rapid movements of the acid front, while the chemically conditioned electrokinetic process
increased electroosmotic flow as expected. A good agreement between the experimental
and predicted data was observed. No accumulation of phenol in front of the membrane of
the cathode reservoir was observed, indicating that the membrane used in this study did not
interfere with the transport of phenol.

As a result, the selection of a purging solution for the anode and/or the cathode would
be the main parameter to enhance the electrokinetic soil process for the removal of phenol.
In order to maintain a suitable soil pH for the optimal development of electroosmotic flow,
it was necessary to control the basicity of the anode-purging solution. As the pH in the
whole soil bed was kept lower than 9.9 in the prediction of the soil pH for Experiment II,
phenol existed in neutral form, which was removed by electroosmosis only. If soil pH rose
to 9.9 or higher at which phenol turned to an anion, the higher removal of phenol might be
attained by electroosmosis as well as electromigration of charged phenol.Fig. 6ashows the
predicted pH profile of the soil bed when the purging solution of 4 M NaOH is chemically
conditioned at the anode reservoir. However, the pH of the entire soil bed did not increase
to 9.9. It was found that the soil pH hardly increased except the soil bed near the anode
reservoir because the hydroxyl ion from the anode reservoir moved to an opposite direction
against the electric field. Additionally, the fact that the negatively charged soil pores allowed
to flow only positively charged fluid constrained the movement of the hydroxyl ion, which
was not adsorbed at the surface of soil particles. The predicted result shows that only an
additional 2% of phenol (86.1%) was removed from the soil bed compared with that in
Experiment II due to a slight increase in the soil pH (seeFig. 6b). Even though the use of
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Fig. 5. Numerical analysis of the profiles of phenol existed in the pore water within the soil bed for Experiments I
and II (spots: experimental data and lines: predicted data): (a) comparison between the experimental and predicted
phenol profiles for Experiment I with chemical conditioning of 0.25 M H2SO4 in the cathode reservoir, (b)
comparison between the experimental and predicted phenol profiles for Experiment II with chemical conditioning
of 0.1 M NaOH and 0.25 M H2SO4 in the anode and the cathode reservoir, respectively.

chemical conditioning at the anode reservoir increased the electroosmotic flow toward the
cathode and the removal of phenol from the soil, the increase in the alkaline concentration
of the anode-purging solution did not significantly improve the removal rate of phenol.
Table 3summarizes the removal efficiency of phenol from the kaolinite soil in 4 days. The
results shows the predicted operation time when 95% of phenol has been removed with the
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Fig. 6. Numerical analysis for an experiment with chemical conditioning of 4 M NaOH and 0.25 M H2SO4 in the
anode and the cathode reservoir, respectively: (a) a 3D plot of the predicted pH profile of the pore water, (b) a 3D
plot of the predicted profile of phenol existed in the pore water within the soil bed.

concentration of the NaOH solution used to neutralize the proton generated at the anode
reservoir, implying that using chemical conditioning at the anode reservoir is more effective
than increasing the alkaline concentration of the anode-purging solution for the removal
of phenol from the soil. Moreover, the use of chemical conditioning at the anode reservoir
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Table 3
Removal efficiency of phenol from the kaolinite soil in 4 days (I) and the required time to accomplish average
95% removal efficiency through the whole soil bed (II) with respect to the concentration of NaOH anode-purging
solution

Concentration of NaOH anode-purging solution (M) I (%) II (h)

0 75 237
0.1 84.7 177.6
4 86.1 169.3

significantly can reduce the operation time to remove phenol from the soil bed, eventually
resulting in lowering the operation cost by decreasing the energy consumption.

It was estimated that, to remove 95% of phenol from the soil, fresh anode-purging solution
would be added after 102 h and then again at 155.7 h to prevent the anode-purging solution
from being very acidic after 0.1 M NaOH anode-purging solution had been initially added.
Using 4 M NaOH anode-purging solution initially, addition of a purging solution was not
required throughout the operation.

4. Conclusions

The numerical method used in this study reasonably estimated the pH and phenol profiles
in the soil bed. The proposed equations for predicting pH variations in both electrode
reservoirs corresponded reasonably well with the experimental data. It was also determined
that the given equations were useful to determine flux boundary conditions as well as
injection time of the anode-purging solution. In the prediction of pH profiles in the soil bed,
the time-averaging dispersion coefficient was used to include the averaging effect of the
velocity profile on a one-dimensional transport and gave the better agreement between the
experimental and predicted data. The numerical analysis revealed that using a basic solution
for anode-purging expedite the phenol removal from the soil bed and reduced the operation
time compared with the process without the chemical conditioning, while increasing the
concentration of the alkaline anode-purging solution was not effective. Findings of the
optimal chemical conditioning in this study may provide the guidelines to practice improved
electrokinetic process in removing phenol from kaolinite soil.
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