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Abstract
A numerical model describing transport of multiple species and chemical reactions during
electrokinetic treatment is presented. The transport mechanisms included in the model were
electromigration and electroosmosis. The chemical reactions taken into account were water
electrolysis at the electrodes, aqueous species complexation, precipitation, and dissolution.
The model was applied to simulate experimental data from an acid-enhanced electrokinetic
treatment of a Pb-contaminated calcareous soil. The kinetics of the main pH buffering process
(i.e., calcite dissolution) was taken into account and its time-dependent behavior was described
by a rate law. The influence of kinetics was evaluated by comparing the results from a set of
simulations in which calcite dissolution was implemented considering thermodynamic
equilibrium and another set in which the same reaction was described by the rate law. The results
show that the prediction capability of the model significantly improves when the kinetic rate is
taken into account.
Keywords: Reactive-transport model, calcite dissolute kinetics, electrokinetic remediation, local
chemical equilibrium.
1. Introduction
Most of the physicochemical processes occurring during electrokinetic remediation (EKR) (i.e.,
the application of electric field for the mobilization of contaminants from soil, sludge, sediment
and other matrices) are characterized by dynamic behavior. Understanding the influence of the
kinetics of these reactions can significantly help to elucidate the remediation process and to
enhance the prediction capabilities of EKR models.
The majority of EKR numerical models have been developed assuming the attainment of
chemical equilibrium at each time step of the numerical integration. Reactive-transport models
based on chemical equilibrium assume that the rates of reversible chemical reactions are faster
than transport rates [1]. This approach is usually regarded to as local chemical equilibrium (LCE)
assumption [2], and it has been demonstrated as a suitable approach for modeling reactive-
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transport processes through porous media [3–6]. However, simulation results often displayed
certain disagreement with the experimental data, in terms of concentration profiles with
excessively sharp gradients compared to those obtained experimentally.
The prediction capability of reactive-transport models could be enhanced by taking into account
the kinetics of the chemical reactions. However, in multi-species multi-phase systems, the kinetic
laws are very specific and the numerical solution of the system would be unreliable.
The LCE transport models can be enhanced by taking into account the kinetics of the “slow”
reactions, namely the heterogeneous reactions (i.e., reactions involving different phases), which
are generally characterized by slow kinetic rates [7] compared to aqueous complexation. The rate
at which target contaminants are released from their mineral-bound forms is essential in EKR
treatments. For example, in acid-enhanced EKR treatments, the acid environment generated at
the anode dissolves the contaminant-containing minerals into mobile compounds. The progress
of the acid front is generally hindered by the presence of buffering minerals such as, for example,
calcite. Experimental results suggested that the dissolution of these carbonates does not take
place under equilibrium conditions [8].
In this work, to further develop the prediction capability of EKR models and to understand the
role of dissolution kinetics on the rate of extraction of contaminants, the kinetic rates of the
calcite dissolution have been taken into account.
2. Materials and methods
The transport of aqueous species and water through porous media, under an applied electric field,
is described as a combination of diffusion, electromigration and electroosmosis. Herein, pore
fluid advective transport is neglected, due to the low hydraulic permeability of the soils normally
treated via EKR. Similarly, electrophoresis has limited relevance in EKR since colloid migration
is hindered by the immobile phase of the porous medium [9]. Accordingly, the mass transport
equation of the i-th chemical species, based on the Nernst-Planck (NP) equation [10], is
described as
n
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where n (-) is the porosity, ci (mol m-3) is the concentration, Di (m2 s-1) is the effective diffusion
coefficient, , U i (m2 s-1 V-1) is the effective ionic mobility,  (V) is the electric potential, keo
(m2 s-1 V-1) is the electroosmotic permeability and Ri (mol m-3 s-1) represents a volumetric net
source or sink due to chemical reactions.
The effective diffusion coefficient and effective ion mobility in Eq. (1) is defined as
Di  n Di ,

(2)
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where Di (m2 s-1) and Ui (m2 s-1 V-1) are, respectively, the diffusion and ion mobility coefficients
at infinite dilution and τ the tortuosity.
The Nernst-Townsend-Einstein relation [11] was applied to relate diffusivity to ionic mobility:

U i 

Di zi F
RT

(3)

where zi (-) is the ionic charge, F (C mol-1) is the Faraday’s constant, R (J K−1 mol−1) is the ideal
gas constant and T (K) is the temperature.
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The electric potential ϕ is computed by solving the current conservation equation:

J  0

(4)

where J (A m-2) denotes the current density, described by the Ohm’s law, J = ϕ, and 
(S m−1) denotes the electrical conductivity, which is related to pore fluid conductivity w (S m−)
by  = nτw. This implies that the solid phase surface conductivity is negligible and that the local
electroneutrality condition is fulfilled. The externally-applied current density is a boundary
condition for Eq. 4, where the anode represents a current source and the cathode a current sink.
The pore fluid conductivity w is calculated by taking into account the conductivity of all the
species in the pore solution, while correcting the molal concentration with an electrochemical
activity coefficient that is derived from the combination of the Kohlrausch’s law and the DebyeHückel equation [12].
The chemical reactions taken into account were: (1) electrolysis reactions at the electrodes, (2)
aqueous phase complexation, and (3) heterogeneous precipitation/dissolution reactions.
As mentioned before, the kinetics of calcite dissolution is included in the model, while all other
chemical reactions were still implemented under the LCE assumption. The rate of dissolution of
calcite was assumed to follow the general rate law [7,13]:
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where A0 (m2) is the initial surface area of the solid particles, V (kg) the mass of solvent, m0 and
m (mol) the amounts of solids at times 0 ant t, the exponent α accounts for changes in the
specific surface area of the particles during dissolution, and k (mol m-2 s-1) is the specific rate
constant, defined as:
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where kf is a forward constant, IAP = [Ca2+] [HCO3-]2 / PCO2 the ion activity product, Ksp is the
solubility product constant and β is a coefficient related to the stoichiometry of the reaction
(β = 2/3 for calcite).
We considered calcite dissolution as the main buffering process, being generally more abundant
than other minerals in calcareous soils. As for all the other heterogeneous reactions, such as
dissolution of minerals with heavy metals, existing geochemical studies on kinetic mechanisms
are hardly applicable to the conditions developed during EK and specific studies are lacking.
Therefore, we did not attempt to model kinetic rates of such reactions. This also helped to
prevent excessive increasing of model complexity and keep the number of parameters to a
minimum. However, if these slow reactions are still considered as instantaneous (LCE
approach), especially when their rates are similar to those of calcite, their apparent rate can be
over-predicted by the model. In order to compensate the rate, as a simplified approach, we
applied a retardation factor to slow down their speed. This approach is frequently used, e.g., in
groundwater modelling studies [14]. We defined the retardation of species in terms of
distribution coefficient:
S a  Kd c

(7)
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where Sa (mol kg−1) is the concentration of metal adsorbed onto the solid phase, Kd (m3 kg−1) is a
linear distribution coefficient between the liquid and solid.
Transport processes and chemical reactions were implemented using a two-steps sequential splitoperator scheme [15]. In the first step, the transport equation system (accounting for diffusion,
electromigration and electroosmosis and the water electrolysis reactions at the electrode, under
electroneutrality conditions) is numerically integrated by means of a finite element method. In
the second step, the chemical reactions are calculated. The aqueous formation of complexes,
precipitation and dissolution reactions were calculated using the PHREEQC code. For brevity,
the reaction equations are not reported here, as they can be found in Parkhurst and Appelo, 1999
[16].
3. Results and discussion
3.1. Simulation of a water-calcite system
In order to evaluate the influence of chemical reaction kinetics on the results of simulations, a
simple water-calcite system was modelled. The system consisted of a model calcareous soil
composed of an insoluble soil matrix mixed with a certain amount of calcite. Simulations were
carried out to represent the behavior of the calcareous soil subjected to acid-enhanced EK
remediation.
Preliminary batch simulations were carried out in order to study the sensitivity of the parameter
A0/V of Equation 5, by varying it from A0/V = 5 (bigger particles, slower rate) to A0/V = 25
(smaller particles, faster rate). A value of β = 2/3 was assumed for the exponent in Equation 5,
corresponding to spherical calcite particles.

Figure 1. Sensitivity of the parameter A0/V on the kinetics of calcite dissolution.
Figure 1 shows simulation results on the dissolution kinetics of calcite when putting into contact
1 L aqueous solution (at pH 5 and 1 mM NaCl) and 1 mole of calcite. Equation 5 was integrated
in 200 time steps (1200 s each). Both Ca and pH increased with time as the calcite dissolves. The
parameter A0/V governed the rate of dissolution. Higher values of A0/V (i.e., larger solid surfaces)
were responsible for faster dissolution rates.
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3.2. Simulation of experimental data
The model developed was applied to simulate the experimental data by Villen-Guzman et al.,
2015 [17]. They performed an acid-enhanced EKR treatment of a soil with high content of
carbonates and contaminated with a significant amount of lead using acetic acid. The scheme for
the acid-enhanced EKR treatment is reported in Figure 2.

Reagent
Dispenser
(HAc)
Filter paper
anolyte

anode

cathode

pH electrode
catholyte

soil

Peristaltic pump

Figure 2. Scheme for an acid-enhanced EKR treatment in horizontal column.
The setup consisted of a horizontal column with 20 cm length and 8 cm diameter. Electrode
compartments were well stirred and had a volume of electrolyte of 0.5 L. A constant current
density of 20 A/m2 was applied to the soil. The treatment duration was 15 d. In the cathode
compartment was assured with pH < 5 by dropping acetic acid from a burette using an automatic
pH-control device.
Paz-Garcia et al, in [18] modeled the mentioned experimental data using the LCE assumption.
Their results showed that the presented model represented fairly well the overall reactive
transport phenomena. However, the simulation results (see Fig. 3) showed certain disagreement
referred to the experimental data with respect to the concentration profiles of Pb, the main
contaminant studied, and Ca, indicator of the calcite dissolution.

Figure 3. Comparison between the simulation results reported in [18] with the experimental
data, from [17]. Figure shows the simulation results for (a) the total amount of Ca
(accounting for form CaCO3, CaHCO+, CaAc+,and Ca2+) and (b) the total amount of Pb
(accounting for form PbCO3, Pb(OH)2, PbHCO+, PbAc+ and Pb2+) along the column in 1,
5 and 15 d, as well as the experimental results for 15 d.
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Herein, the model has been expanded to include the kinetics of the dissolution of calcite. The
dissolution of hydrocerussite (the Pb containing mineral assumed), and the precipitation of lead
hydroxide have been assumed fast (compared to calcite) to be included in the LCE module. This
is consisted with the results presented in [8]. The model parameters are reported in Table 1.
Table 1. Model parameters.
Parameter
τ
n
T
log(Kd,Pb)



A0/V



10
9
8
7
6
5
4
3
2
1

Description

°C
m2/mol
-

Tortuosity factor
Porosity
Temperature
Pb distribution coefficient
Exponent Equation 5
Specific area of calcite
Parameter Equation 6
Initial soil pH

40
35
30
25
20
15
10
5
0

Voltage (V)

Data
Initial
1 day
5 days
10 days
15 days
30 days

0

Ca (g/kg)

0.45
0.49
25
3.6
2/3
10
2/3
9.28

Unit

5
10
15
Distance from anode compartment (cm)

5
10
15
Distance from anode compartment (cm)

Initial
5 days
10 days
15 days
30 days

0

20

100
90
80
70
60
50
40
30
20
10
0

Data
Initial
5 days
10 days
15 days
30 days

0

50
45
40
35
30
25
20
15
10
5
0

20

5
10
15
Distance from anode compartment (cm)

0

5
10
15
Distance from anode compartment (cm)

Figure 4. Comparison between the simulation results obtained here and the experimental
data from [17]. Figure shows the simulation results for (a) pH, (b) Electric potential, (c) the
total amount of Ca (accounting for form CaCO3, CaHCO+, CaAc+,and Ca2+) and (d) the total
amount of Pb (accounting for form PbCO3, Pb(OH)2, PbHCO+, PbAc+ and Pb2+) along the
column in 1, 5, 15, and 30 d, as well as the experimental results for 15 d.

6

20

Data
Initial
5 days
10 days
15 days
30 days

Pb (g/kg)

pH

pH0
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20

The simulations results, presented in Fig. 4, clearly show that including the kinetics of the
dissolution of calcite in the numerical model significantly improve the agreement between
simulation and experimental results. In particular, it is observed that the acid front entering the
soil from the anode penetrates gradually through the soil towards the cathode without sharp
almost-vertical gradients, reproducing what was experimentally observed.
4. Conclusions
Herein we have presented a model for electrokinetic remediation of soil, easily adaptable to other
porous matrices such as sludge, construction materials or sediments. The model presented here
has been enhanced to take into account the kinetics of the chemical reactions that could dominate
the overall remediation process. This way, the model presented here can produce better
agreement with experimental data than previous models based only on the local chemical
equilibrium. The prediction capability of the model is therefore improved.
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