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ABSTRACT: The computer model described in the first paper of this series was used to perform a sensitivity analysis for the electrokinetic
remediation of a triangular, copper-contaminated soil field in which one anode and two cathodes are placed in the vicinity of the triangle
vertices. The input variables included the initial concentration of copper in the soil, the electrical potential applied between electrodes, and
the absence or presence of wash water. The output variables included the cleanup efficiency and the fraction of copper eliminated from the
soil £, cu - Overall, the larger the electrical potential applied between electrodes, the shorter the time to achieve steady state. When no wash
water is used, the cleanup efficiency may fluctuate over time before reaching steady state. When wash water is used, the final £, ¢, Obtained
depends on the initial concentration of copper in the soil.
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RESUMEN: El modelo computacional descrito en el primer articulo de esta serie se us6 para realizar un analisis de sensibilidad del proceso
de eliminacion electrocinética de un campo de suelo triangular contaminado con cobre, en el cual se colocan un 4nodo y dos catodos en
la proximidad de los vértices del triangulo. Las variables de entrada incluyeron la concentracion inicial de cobre en el suelo, el potencial
eléctrico aplicado entre los electrodos, y la ausencia o presencia de agua de lavado. Las variables de salida incluyeron la eficiencia de limpieza
y la fraccion de cobre eliminado del suelo fcM . En general, a mayor potencial eléctrico aplicado entre los electrodos, menor el tiempo
requerido para alcanzar el estado estacionario. Cuando no se usa agua de lavado, la eficiencia de limpieza puede fluctuar en el tiempo antes de
alcanzar el estado estacionario. Cuando se usa agua de lavado, el valor final de ./ ¢, depende de la concentracion inicial de cobre en el suelo.
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1. INTRODUCTION

Heavy metals in soils are important nutrients for plants
in low concentrations, but at high concentrations they
become toxic [1]. The contamination of soils by heavy
metals is nowadays a major concern worldwide. In
Part I of this series, a two-dimensional computational
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model for the electrokinetic remediation of a copper-
contaminated soil was presented. The model is an
adaptation of the original code developed by Jacobs
and Probstein [2], and incorporates electromigration,
electroosmosis, ordinary diffusion, and convection
transport mechanisms. Based on a previous study
reported by Fuerstenau and Palmer [3] on the
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distribution of copper species in aqueous solution,
the chemical system was represented by 13 chemical
species which participate in 8 chemical reactions.
The computer model was validated by comparing
their predictions with experimental data collected in a
laboratory-scale system containing a soil collected at
the city of Cananea, Mexico. A reasonable agreement
between the predicted and the experimental values was
obtained in terms of the spatial distributions of pH and
copper concentration when the initial copper content in
the soil was 100 and 600 mg/L . Once the computational
model was verified, it can be used to analyze the main
features of the electrokinetic remediation process.
The potential applications of a two-dimensional
formulation were pointed out by Jacobs [4], who
conducted a computational study in which a number of
electrode configurations was tested. Jacobs [4] found
that electrode arrangements in which the anodes are
surrounded by a number of cathodes provide greater
efficiencies than those in which the cathodes are
surrounded by the anodes. The simplest configuration
obeying this criterion is a triangular arrangement in
which one anode and two cathodes are placed in the
vicinity of the triangle vertices. In a recent experimental
study at laboratory scale, Almeira et al. [5] found that
a triangular arrangement consisting of one anode and
two cathodes forming three 60° angles between the
lines connecting the electrodes was the most efficient in
terms of both copper elimination and energy efficiency.
Such experimental results [5] and further observations
by Almeira et al. [6] and Peng et al. [7] experimentally
confirmed the validity of the model predictions reported
by Jacobs [4]. Based on the previous results shown
in Part I of this series and the analysis of the relevant
literature [4-7], the goal of this investigation was to
test the effects of the main operating variables on the
overall performance of the electrokinetic remediation
for a large, triangular, two-dimensional soil field. For
that purpose, a number of computer simulations were
conducted with the mathematical model described in
Part I of this series, as described below.

2. SIMULATION STRATEGY

Figure 1 shows the system under study. An equilateral
triangular soil field was assumed in which one anode
and two cathodes are placed in the vicinity of the
triangle vertices. The test variables included the initial
concentration of copper in the soil pores (100 and

600 mg/L) and the electrical potential applied to the
electrodes (500 and 1000 V).

The specification of the latter values was based on the
criteria reported in the literature [4], which suggests the
application of 1 V per centimeter of separation between
electrodes. Table 1 shows the numerical parameters
used for the simulation runs, in which the properties
of the Cananea soil reported in Part I of this series
were assumed.
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Figure 1. Equilateral triangular soil field for the
simulation runs

For every combination of the input variables, computer
simulations were done for the two alternative cases in
which pure wash water is either injected or not injected
through the anode well. Because the mechanisms
governing the motion of the chemical species in the
soil are the same with and without water injection,
the mathematical formulation can be used to predict
the performance of the system under both types of
operation strategies. For each case, a corresponding
indicator of the process yield was defined as follows.
In the simplest case, no wash water enters the soil, and
thus the copper species are retained within the soil.
At sufficiently long times, the copper is expected to
concentrate within a localized area in the vicinity of
the cathodes.
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Table 1. Numerical parameters for the simulation runs

Parameter Value
Electrode well diameter, m 1
Anode-to-cathode distance, m 10
Anode-to-cathode potential difference ¢, V 500, 1000
Soil porosity y 0.45
Soil tortuosity t 1.1
10-15
Hydraulic permeability K,; , m?
Zeta potential {, V -1.54 x 107
Electrical permittivity &, F/m 7x1071°
Solution viscosity i, Pass 107
24x10°
Effective hydraulic permeability &, m* Vs
Soil electrical conductivity , S/m 0.02875
Anode-to-cathode pressure difference (wash water only) 10° Pa

This soil will eventually be collected for further
treatment or disposal. A feasible response variable
for this case is the fraction of the total area in the
arrangement which has been cleaned up to a given time
t. In this study, this quantity is referred to as cleanup
efficiency (CE); thus

{Soil area in which } 0
CE = [Cu] < 50 mg/L at time ¢

Total soil area

In this definition, the 50 mg/L limit appearing in the
numerator was established based on local regulations.
Although Equation 1 suggests that the CE may take on
values in the range of zero to unity, in practical terms
it may not reach the value of unity. This is because
copper does not leave the system when no wash water
is used. The calculation of the numerator in Equation 1
was accomplished within the framework of the Tecplot
visualization software [8]. The procedure involves the
calculation of the two-dimensional contours of copper
concentration from the local concentration values within
the computational domain, followed by the numerical
calculation of the areas enclosed by those contours
which comply the criterion shown in Equation 1.

An alternative way of operation consists of injecting
pure wash water through the anode to maintain a
continuous flow of the aqueous solution throughout
the soil. This flow gradually takes the copper out

of the system through the cathode wells. From a
computational point of view, this mode of operation
was simulated by setting a pressure difference between
electrodes, as shown in Table I. In this case, an indicator
of the process efficiency is the fraction of the initial
copper in the soil which has been eliminated from the
soil up to a given time ¢. This quantity is represented by
the symbol 7 ¢ and was computed from the following
expression:

2
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in which the numerator accounts for the amount of
copper that left the soil through the cathode wells up
to time ¢, and the denominator is the initial amount of
copper in the soil field.

2)

3. DISCUSSION OF RESULTS

Figure 2 shows the predicted values of the CE in
the absence of wash water in the triangular soil
field. For all cases considered, the maximum CE
values were predicted to be 0.55 and 0.59 when the
electrical potential difference was set to 500 and 1000
V, respectively. Overall, the effect of the electrical
potential difference is mostly on the process kinetics.
The larger the electrical potential difference, the
faster the initial response of the CE, and thus the
shorter the time to achieve steady state. This behavior
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may be explained in terms of the electroosmosis and
electromigration transport mechanisms, which are both
dependent upon the electrical potential gradient V ¢
according to the following expressions [2]

&
W=V 3)
T u
and
u, = _UiZiFL? 4)

where u, and u, are the electroosmotic and
electromigration velocities, respectively, and other
symbols are defined in the nomenclature. It is noted
that u,, represents the velocity of the aqueous solution
adjacent to the pore walls; thus, it affects all species
in solution at a given location. On the other hand, the
electromigration velocity u,, is only attributed to those
chemical species in solution carrying an electrical
charge z;
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Figure 2. Predicted time evolution of the cleanup efficiency (CE) in the triangular soil field in the absence of wash water injection

z, . From a macroscopic standpoint, any change in the
electrical potential difference between the electrodes
will affect the local electrical potential gradient V¢,
and thus the kinetics of the overall process described
by Equations (3) and (4). On the other hand, it is of
interest to note the values of CE at long times, i.¢e., once
steady state was achieved. Such CE values increased
as the initial concentration of copper in the soil also
increased. Therefore, as far as the cleanup efficiency
is concerned, highly contaminated soils are expected
to be cleaned up more efficiently than moderately
contaminated soils. A complementary response variable
is the time to reach steady state conditions. This
quantity was defined as the time at which the cleanup
efficiency CE varied by less than 0.01 percent from

one time step to the next. In this study, this quantity is
represented by the symbol: ¢ . Figure 2 shows that ¢
was in the range of 90-100 days when the initial
copper content was 100 mg/L, whereas it was longer
than 200 days when the initial copper content was 600
mg/L.

The initial copper concentration in the soil also affected
the kinetics of the CE. Thus, when it was set to 100
mg/L, the CE increased with time up to an asymptotic
value which depended upon the electrical potential
difference applied to the soil. In contrast, when the
initial copper concentration was set to 600 mg/L, the
CE values showed significant fluctuations with time
before reaching steady state conditions.
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Computer visualizations of the concentration field
in this time period provided an explanation for this
behavior. A simplified diagram of such calculations is
shown in Figure 3, which shows that the local values
of pH are strongly related to the distribution of the
chemical species throughout the soil. At =24 days
(Figure 3a) the H" ions produced at the anode moved
to the cathodes, thus creating an acid zone.
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At the same time, the OH" ions produced at the surface of
the cathodes moved toward the anode, thus forming a basic
zone. The locations at which both species meet in the soil is
characterized by a sudden change in pH values as a result
of the neutralization reaction: H* +OH ™~ — H,O The
locations at which this reaction occurs is referred to in this
paper as the reaction front, and depends upon the mobilities
of both H" and OH- ions [2], as well as the concentrations of
the anionic and cationic copper species in solution.
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Figure 3. Predicted time evolution of the reaction front in the triangular soil field in the absence of wash water injection; (a)
24 days, (b) 48 days, (c) 72 days

At these locations, both solid and aqueous Cu(OH),
are formed. Because aqueous Cu(OH), carries no
electrical charge, it causes the electrical conductivity
of the aqueous phase to decrease substantially, thus
forming an isoelectric zone. The coexistence of both
solid and aqueous Cu(OH), occurs in the range of:
6.5 <pH <13 whereas in the range of 4 < pH < 6.5
only the aqueous form is present [9]. As the acid
front advanced at =48 days (Figure 3b), the reaction
front and the isoelectric zone became narrow. This is
because the H" ions are continuously produced at the
anode surface and react to form other cations such as
Cu(OH)," and Cu(OH),"?, which also moved toward the
cathodes. On the surface of the cathodes, the OH- ions
are also formed and react to produce other anions such
as HCuO, and CuO, which move toward the anode.

This process repeats over time (t=72 days, Figure 3c)
until steady state is achieved. The fluctuating motion
of the copper ions throughout the soil thus explains the
fluctuating behavior of CE in Figure 2.

It is noted that the present formulation assumes that the
transport of the chemical species occurs in the aqueous
phase only, i.e., the solid phase is assumed to be
motionless. It is also assumed that the soil is isotropic
and its properties do not vary with time. Therefore,
any change in the rate of transport of the chemical
species may be attributed to changes occurring in the
aqueous phase only. The incorporation of anisotropies,
time-dependent soil properties, and other phenomena
such as electrophoresis was beyond the scope of this
investigation.



Rubio-Nieblas et al / Dyna, year 81, no. 183, pp. 208-214, February, 2014. 213

The results shown in Figure 3 qualitatively agree
with the experimental observations by Almeira et
al. [5,6] and Peng et al. [7] regarding the formation
of three distinctive areas within the soil; namely,
and acid region, a basic region, and a narrow area
with low electrical conductivity. Overall, the results
shown in Figures 2 and 3 indicate that the behavior
of this type of a system in the absence of wash water
injection is complex, and cannot be generalized.
Detailed simulations for specific field dimensions,
soil characteristics, and operating conditions must
be done in order to analyze the process performance
prior to its optimization.

Figure 4 shows the predicted behavior of the fraction
of copper eliminated f, computed from Equation
(2) when pure wash water was used. Under the test
conditions, the maximum values of £, were predicted
to be in the range of 0.8-0.95. At long times, all the
curves approach an asymptotic value of Je. which is
dependent upon the initial concentration of copper in
the soil, and is independent of the electrical potential
difference applied to the electrodes. The asymptotic
values of f, at sufficiently long times decreased as
the initial copper concentration increased. Therefore, in
terms of the fraction of copper eliminated from the soil
f¢, » the more dilute the copper in the original soil, the
more efficient the electrokinetic remediation process.
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Figure 4. Predicted time evolution of the fraction of copper eliminated in the triangular soil field in the presence of wash
water injection

This behavior contrasts with that observed for the
cleanup efficiency in the absence of wash water
injection shown in Figure 2. The time to reach steady
state conditions throughout the soil was defined as
the time at which the chu value varied less than 0.01
percent from one time step to the next. Figure 4 shows
that this quantity is strongly dependent upon the
electrical potential difference applied to the electrodes.
Thus, the higher the electrical potential, the shorter the
time to reach steady state conditions and vice versa.
As was discussed previously, this is attributed to the
electroosmotic and electromigration velocities, which
are dependent upon the electrical potential gradient
according to Equations 2 and 3, respectively. The
behavior of the system under the presence of wash water

injection shows a simpler behavior than that observed
when no wash water is injected to the soil. However,
further studies are necessary to clarify whether the
trends observed in this study for a triangular soil field
can be generalized to other electrode arrangements.

4. CONCLUDING REMARKS

The computer simulation of the electrokinetic
remediation of a copper-contaminated soil field with
a triangular arrangement of electrodes was performed.
The results indicated that the electrical potential
difference applied between electrodes mostly affects
the process kinetics due to the electroosmotic and
electromigration velocities.
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Also, the initial copper content in the soil determines the
final process efficiency. When no wash water is injected to
the soil, the final cleanup efficiency increased as the initial
content of copper in the soil was increased, and it may
fluctuate over time before reaching steady state conditions.
Such fluctuations may be explained in terms of the chemical
reactions occurring at both sides of the acid front moving
throughout the soil during the operation.

On the other hand, when wash water is injected,
the final fraction of copper eliminated from the soil
depends upon the initial concentration of copper in the
soil only. The results obtained in this study illustrate the
potential use of the present formulation for the further
optimization of this process.

NOMENCLATURE
Symbol Description
CE Cleanup efficiency, dimensionless
C, Concentration of copper at jth well,
molem
Cevo Initial copper concentration in soil,
molem
f Fraction of the initial copper eliminated
Cu from soil, dimensionless.
Qw, Volumetric flow rate of solution at jth
well, m’e s7!
t Time, s
P Time to achieve steady state, s
o0
Electromigration velocity of species i,
Uei me s’!
u Electroosmotic velocity of solution, me s
eo
V Total volume of solution in soil, m?
z Charge number of species 7, dimensionless
i
£ Solution electrical permittivity, Fem!
Soil zeta potential, V
T Soil tortuosity, dimensionless
v Mobility of species i,
i
Py Soil hydraulic permeability, m?
h

Soil effective hydraulic permeability, m?

U Solution viscosity, Pass
1) Electrical potential, V
v Soil porosity, dimensionless
Soil electrical conductivity, Q'em
O
\v4 Nabla operator, m™
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