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ABSTRACT 

Models of electrokinetic soil remediation systems have been developed significantly in 

recent decades. A wide range of physicochemical phenomena occurs in this type of 

process, which makes it difficult to capture all of the system’s complexity in a model. 

Therefore, existing models do not attempt to simulate the behaviour of the entire 

geochemical system of natural soils and their porewaters but rather focus on the pollutant 

compounds of interest. This paper proposes a conceptual and numerical model that 

includes geochemical speciation other than the phenomena that have been described by 

other authors. In addition, a comparative modelling exercise is performed with a 

composition of natural porewater and a simplified equivalent composition. The results 

show that the buffering system of carbonates affects the temporal evolution and spatial 

distribution of the pH. Because the pH controls many of the phenomena that occur during 

this type of remediation, simulations using realistic geochemical systems are critical. 
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1. INTRODUCTION 

Electrokinetic remediation (EKR) is a technology that has recently been applied in soil 

decontamination processes [1, 2]. EKR technology allows contaminants of different ionic 

natures to be mobilised via various transport mechanisms that are generated by applying 

a low-intensity electric field between electrodes installed in the contaminated soil. This 

effect has generated significant interest in EKR technology in the field of in-situ soil 

decontamination. In addition, the energy requirements are generally low and can be 

supplied by renewable energy-based systems that are easily installed in any area to be 

decontaminated [3-5]. 

Electro-osmosis and electromigration are the main forms of mass transport that take place 

in the soil during an EKR process. The process of electro-osmosis causes the movement 

of water in the Debye layer, which is located along the surfaces of the soil particles. 

Generally, the soil surface charge is usually negative, so water that is capable of being 

mobilised through this mechanism has high concentrations of positive counter ions, and 

electro-osmotic transport is generally directed towards cathodes [6-8]. Through the 

process of electromigration, it is possible to mobilise various ionic species present in the 

porewater that are electrically attracted to the oppositely charged electrodes. Among these 

ionic species are protons and hydroxyl ions generated in the electrochemical reactions of 

water electrolysis: 

  2e2HO
2

1
OH 22

        (1) 

  2OHH2eO2H 22         (2) 

which occur on the surfaces of the anodes (Eq. 1) and cathodes (Eq. 2). The movement 

of these species produces an acidic pH front towards the cathodic electrodes and a basic 

pH front towards the anodic electrodes, whose velocity, in addition to the 
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electromigration process, is significantly influenced by advective/diffusive processes and 

the soil’s buffering capacity [9-11]. The pH fronts form a pronounced pH gradient in the 

soil that can favour the precipitation/solubilisation of species, adsorption processes, and 

ionic exchange between the soil and the porewater and, importantly, influence the 

chemical speciation of substances in the medium. 

The coupling of these phenomena makes the design, analysis, and implementation of an 

EKR process in contaminated soil a very complex task. The development of mathematical 

models is necessary to characterise the interactions of the many physical, chemical, and 

electrochemical processes that occur simultaneously and therefore facilitate making 

predictions about the scaling of the technology. For this reason, the development of 

mathematical models of EKR processes has been important over the last 25 years. Shapiro 

et al. [7] and Shapiro and Probstein [8] developed a one-dimensional mathematical model 

that considered the chemical equilibria of substances in the porewater, electrochemical 

reactions, diffusive and electro-osmotic transport, and ionic electromigration. The model 

was developed for the decontamination of a synthetic soil (kaolin) spiked with acetic acid 

and phenol. This model was improved by adding coupling complexation, adsorption and 

precipitation/dissolution processes by Jacobs et al. [12] and extended to a two-

dimensional domain by Jacobs and Probstein [13]. Other authors [14-16] developed a 

one-dimensional theoretical model that was applied to remove lead spiked in a mixture 

of kaolinite and sand, for which they estimated the pH profiles generated in the soil. 

Mascia et al. [17] proposed a similar model for the removal of cadmium. These models 

were generalised by Paz-Garcia et al. [9] for application to soils contaminated with many 

metals. Other authors [18, 19] have developed two-dimensional models that focused on 

the electrokinetic removal of metals and its application, in particular, to the remediation 

of soils contaminated with copper. Ribeiro et. al. [20] developed a model adapted for the 
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removal of organic pollutants and used atrazine as an example. A three-dimensional 

model has also been developed and used to simulate the electrokinetic transport of ions 

in soils under unsaturated conditions assuming that the lines of the electrical current in a 

soil during the application of an electrical gradient are analogous to the lines of a water 

current generated under a hydraulic gradient [21, 22]. 

In this context, as proposed by Al-Hamdan & Reddy [23], many previous models utilise 

simplified geochemical systems because they generally contain fewer than 10 species, 

taking into account the reactants and products of the chemical and electrochemical 

reactions that can occur. This implies that the chemical speciation generated in the EKR 

process is quite limited and cannot faithfully reproduce the behaviour observed in real 

applications, where the composition of the natural porewater can be very complex. As 

mentioned above, chemical speciation is strongly related to the pH of the medium, which 

determines the extent to which many physico-chemical processes that directly affect the 

efficacy of an EKR process can be developed. 

This study developed a model, M4EKR (Multiphysiscs for ElectroKinetic Remediation), 

that is applicable to electrokinetic remediation processes in natural unsaturated soils for 

the removal of ionic species present in porewater. An extended geochemical system with 

34 species that are involved in 24 chemical equilibria resulting from the presence of the 

most common major ions in many natural groundwaters was studied. The model includes 

the transport of species due to electro-osmosis, electromigration, diffusion and advective 

flow. 

After describing the proposed formulation, the scope of the model is illustrated by 

simulating an EKR process of a natural soil and porewater as opposed to the synthetic 

saturating waters that have been proposed in other studies. The results show the 

descriptive capacity of the proposed model. Finally, the same process is analysed 
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assuming a reduced geochemical model. This exercise illustrates the limitations of 

simplified models that do not allow several relevant processes that occur in natural 

porewaters to be simulated. The results confirm the convenience of using extended 

geochemical models to improve the characterisation and design of EKR processes in soils 

under natural conditions. 

2. CONCEPTUAL AND NUMERICAL MODEL 

The proposed model is a model of the reactive transport of solutes in partially saturated 

soils subjected to an external electrical gradient. For conceptual simplification, isothermal 

conditions (298.15 K over the entire domain) are assumed, and the gas pressure (GP) 

remains constant and equal to atmospheric pressure 

2.1. Water transport 

The balance of the mass of water per unit volume in a porous medium is given by the 

expression: 

0w
w 




l

t

m
         (3) 

where ∇· is the divergence operator, lw is the mass flow of water (kg m-2 s-1), and mw is 

the mass of water per unit total volume (kg m-3), which is defined as: 

ww   Srm           (4) 

where is the porosity, ρw is the water density, and Sr is the degree of saturation of the 

soil. Sr is modelled using van Genuchten’s retention curve [24], which is defined via the 

expression: 

   VG
VG

VG1
mn

sSr


           (5) 
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where αVG, nVG and mVG are fitting parameters, and s is the matric suction, which is given 

by the difference between the gas pressure and liquid pressure, PG − PL.  

The mass flow of water is defined by the sum of the hydraulic flux contributions (
h

wl ), 

which are estimated via Darcy´s law, and the electro-osmotic flux (
eo

wl ), which is defined 

by the semi-empirical Helmholtz-Smoluchowski formulation [25]. Therefore, in the 

proposed model, we have: 

  ww

eo

w

h

ww

eo

w

h

ww qqqlll          (6) 

 zgPK  wL

h

e

h

w q         (7) 

3h

sat

h

sat

h

e SrKkKK h

rel           (8) 

ESrKEK  3eo

sat

eo

e

eo

wq         (9) 

where 
h

eK  is the effective hydraulic permeability of the soil, which is calculated by 

multiplying the saturated permeability (
h

satK ) by a relative permeability function. A 

Brooks and Corey-type power function was chosen for the relative permeability [26] with 

an exponent of 3. In addition, ∇ is the gradient differential operator, g is gravity, z is the 

vertical coordinate, E is the electric potential, 
eo

eK  is the effective electro-osmotic 

permeability of the soil, which is calculated using the same formulation employed in the 

calculation of 
h

eK , and 
eo

satK  is the saturated electro-osmotic permeability. 

2.2. Chemical species transport 

The proposed geochemical system includes a total of N species generated from the 

combination of M components selected among the species [27]. M-2 equilibrium 

equations of the total mass of each component are defined (one for each except for Cl-, 
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which is obtained by electroneutrality, and for H2O, which was proposed in Eq. 3), 

generically formulated as: 

mm
m R
t

m





l          (10) 

where mm is the total mass of component m per unit total volume (mol m-3), lm is the total 

molar flux of component m (mol m-2 s-1), and Rm is the rate of production or consumption 

of component m (mol m-3 s-1). The parameter mm is defined as: 

mwm CSrm            (11) 

where Cm is the total molal concentration of component m (mol kgw
-1). 

Several transport mechanisms of species through the soil occur in EKR processes, so lm 

will be the sum of each of the contributions associated with the involved mechanisms, 

including advective flow generated by the hydraulic gradient (
h

ml ) and the electrical 

gradient (
eo

ml ), electromigratory flow (
em

ml ) and diffusive-dispersive flow (
dif

ml ): 

dif

m

em

m

eo

m

h

mm lllll          (12) 

where each of these mass flows is defined as: 

m

h

w

h

m C ll            (13) 

m

eo

w

eo

m C ll            (14) 

em

i

1

i

m

iw

em

m ql  


N

i

c          (15) 





N

i

cD
1

i

m

iiw

dif

m l          (16) 
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where 
m

i  is the molar contribution to the total concentration of component m of species 

i (see Section 2.5), and ci is the molal concentration of the species. In addition, 
em

iq is the 

migration velocity, which is defined via the expression: 

E e

i

em

i q           (17) 

where 
e

i  is the effective ionic mobility characteristic of species i and is defined via the 

expression proposed by Mattson et al.[21]: 

o

ii

e

i   Sr           (18) 

where, i is the coefficient of activity of species i (see Section 2.5), 
o

i  is its ionic mobility 

at infinite dilution in water (m2V-1s-1), and τ is the tortuosity of the medium. Some authors 

have proposed different empirical models [28] that link the volumetric soil water content 

(·Sr) and the tortuosity factor using, among others, power functions. These formulations 

can resemble the power function dependence on the degree of saturation that it is used in 

the expression of the relative permeability (Eqs. 8 and 9). However, these empirical 

models are neither valid for all kind of soils nor for all ionic species. Consequently, for 

the sake of simplicity, a unique and constant value of tortuosity is considered in the 

present work since the main objective of the model is to understand the fundamental 

physical-chemical phenomena during an EKR process. 

The effective diffusion coefficient of each species, 
e

iD , is estimated via the expression:  

o

i

e

i DSrD             (19) 

where 
o

iD  is the binary diffusion coefficient in water (m2s-1). The effective 

diffusion/dispersion coefficient Di for one-dimensional flow is estimated via [29]: 
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eo

w

h

w

em

i

L

i

e

ii qqq  DD         (20) 

where 
L

i  is the longitudinal dispersivity coefficient (m). 

Because it is easier to find values of the binary diffusion coefficient than values of the 

ionic mobility at infinite dilution in the literature, 
o

i  is estimated by means of 
o

iD  via the 

Nernst-Einstein equation [30]: 

TR

FzD




 i

o

io

i           (21) 

where zi is the charge number of species i, F (C mol-1) and R (J mol-1 K-1) are the Faraday 

and ideal gas constants, respectively, and T is the temperature (K), which, as discussed 

previously, is assumed to be constant. 

The generation or consumption of the total mass of any component in the soil does not 

occur in any case, so Rm is zero in the M-2 balance equations. The only electrochemical 

reactions are the electrolysis of water, and they take place in electrolyte wells. 

2.3. Transport of electric charge  

The distribution of the electrical potential in the system must satisfy the equilibrium 

equation of the total electric charge: 

QR
t

Q





i           (22) 

where Q is the total electric charge (C m-3), RQ is the rate of generation/consumption of 

the electric charge (C m-3 s-1), and i is the total current density (A m-2), which is calculated 

by applying Ohm's law, formulated generically as: 

E ai           (23) 
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where a is the apparent electrical conductivity obtained via the formulation defined by 

Rhoades [31]. In it, the soil is assumed to be a system in which electrical current can 

follow three different conducting paths: (1) exclusively through the liquid phase, (2) 

exclusively through the surface of the solid phase, and (3) through a combination of these 

elements. The conductivity of the solid phase, s, is estimated by the empirical 

relationship presented by Rhoades in Friedman [32]: 

0209.0%023.0 clays          (24) 

where s is defined in dS m-1, and % clay is the weight percentage of the clay soil particles 

considered. In addition, the conductivity of the aqueous phase in the pores, w, is assumed 

to be constant and is estimated via [33]: 

 



N

1i

iiio,w c           (25) 

TR

FzDw






22

i

o

i
io,


          (26) 

where o,i is the ionic molal conductivity of species i. Given the condition of 

electroneutrality throughout the system and assuming that no charge accumulation 

capacity is present during the EKR process, it is assumed that ∂Q/∂t=0 at all times [13]. 

Therefore, the electric charge equilibrium is reduced to solving the expression: 

0 i            (27) 

2.4. Mass balance in electrolyte wells. 

Figure 1 shows a conceptual model of the configuration of the electrodes and electrolyte 

wells in the model. 
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Figure 1. Conceptual model of the one dimensional domain proposed for simulation.  

This configuration was chosen because it allows a strictly one-dimensional configuration 

that facilitates the system model. Additionally, to determine the evolution of the mass of 

the M-2 components in both electrolyte wells, the wells were considered ideal continuous 

stirred tank reactors, and M-2 additional mass balance equations were formulated for each 

well, which have the following common expression for both the anode and the cathode: 

*

m

* out,

m

* in,

m

*

m RMM
t

M




           (28) 

where the * superscript is equal to A for the anode and C for the cathode, Mm corresponds 

to the total mass of component m (mol), mM  is the mass input rate (superscript in) or 

mass output rate (superscript out) in the well of component m (mol s-1), and Rm is the rate 

of production or consumption of the component (mol s-1), which is calculated via 

Faraday's law for those components that have electrochemical reactions. Consequently, 

we have: 

A

m

A

w

A

m CVM             (29) 

  A

w

A o

mw

Ain 

m dSCM  


nq         (30) 
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  A

m

Aout 

m dSM  


nl          (31) 

  AdSCM  


nqw

A o

mw

Ain 

m          (32) 

and at the cathodic well: 

C

m

C

w

C

m CVM             (33) 

  C

m

Cin 

m dSM  


nl          (34) 

  C

w

C

mw

Cout 

m dSCM  


nq         (35) 

  C
C

mC

m dS
F

R  


ni


         (36) 

where V is the volume of the electrolyte in the well (m3), S is the active electrode surface 

(m2), 
A

mC  and 
C

mC  are the total molal concentrations of component m in the anolyte and 

catholyte, respectively, 
 o

mC  is the total initial molal concentration, n is the vector normal 

to the surface of the contact between the soil and the electrolyte well, and m is the ratio 

between the number of moles of component m generated electrochemically and the 

number of moles of electrons exchanged in the redox half reaction. This study considers 

the redox reactions related to water electrolysis, which generate H+ at the anode via Eq. 

1 and OH- at the cathode via Eq. 2; therefore, 1 

C

OH

A

H
 . 

2.5. Chemical speciation equations. 

The calculation of chemical speciation is based on solving a system of M nonlinear 

equations of the type: 

0cal

mm CC            (37) 
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where the concentrations Cm are the variables of state of the equilibrium equations 

described above, and 
cal

mC  is calculated via the expression: 

i

i
N

1i

m

ii

N

1i

m

i

cal

m



a

cC  


         (38) 

where 
m

i  is the molar contribution of species i to component m. This contribution is 

equal to the stoichiometry coefficient of component m in the formation reaction of species 

i and is positive if m is a reactant and negative if m is a product of the production reaction 

of species i. For example, in the water dissociation reaction, H2O and H+ are the 

components, and OH- is the species obtained from their combination; therefore, 12 

OH

OH
  

and 1




H

OH
 .  

The activity of each species i, ai, is calculated via the generic chemical equilibrium 

equation: 

      



M

1m

m

m

i

eq

ii logloglog aKa         (39) 

where 
eq

iK is the equilibrium constant of the formation reaction of i. Moreover, i is the 

coefficient of activity that corresponds to each species i, which is estimated via the 

WATEQ Debye Hückel formulation [34].  

For chemical speciation, three additional equations are necessary to calculate the water 

activity (
cal

OH2
a ), the concentration of free chlorine ions (

cal

Cl-
c ) and the ionic strength ( calI

): 

    0loglog cal

OHOH 22
 aa          (40) 

0cal

ClCl -- cc           (41) 
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0 calII            (42) 

where the activity of water (
cal

OH2
a ) is obtained via the Garrels and Christ formulation [35]: 







OHN

1i

i

cal

OH

2

2
017.01 ca          (43) 

The activity of the free chlorine ion (
cal

Cl-
a ) is calculated by applying the electroneutrality 

principle: 















ClN

1i

ii

Cl

Clcal

ClCl

cal

Cl -- cz
z

ca


         (44) 

Finally, I cal is obtained via:  





N

1i

i

2

i

cal

2

1
czI          (45) 

The variables 
ma , 

cal

OH2
a , -Cl

c  and I are the unknowns of the system of algebraic equations 

that must be solved to obtain the speciation of the porewater. 

2.6. Numerical implementation 

The M4EKR model was implemented in Comsol Multiphysics [36], which is a partial 

differential equation solver based on the application of the finite element method with 

Lagrange multipliers. The "multiphysics" capability was used without the pre-

programmed modules provided by the software. Thus, both differential and algebraic 

equations to be solved were defined using constitutive models to consider the initial 

conditions and the boundary conditions imposed. This was possible due to the versatility 

and adaptability of this type of program based on a multiphysics environment [37-39]. In 

addition, the automatic differentiation techniques [40] included in some programs, such 

as Comsol Multiphysics, provide symbolic expressions to define the iteration matrix [41], 
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which improves the convergence behaviour of the model and allows the complexity of 

the problem to increase while maintaining solution efficiency[42, 43]. Thus, in the 

proposed extended geochemical model, we defined 9 partial differential equations (mass 

balance in the soil), 16 ordinary differential equations (mass balance in the electrolyte 

wells), and 11 algebraic equations (chemical speciation), which yields a total of 36 state 

variables to be solved in each time step. In the simplified model, 4 partial differential 

equations, 4 ordinary differential equations and 11 algebraic equations were solved to 

yield 18 state variables. 

3. SIMULATION OF EKR PROCESS 

3.1. Modelled configuration. 

An EKR process of a natural soil from an area near a clay quarry in Spain was studied. 

According to the Unified Soil Classification System, the soil is a low plasticity clay (CL), 

whilst according to the texture classification of the United States Department of 

Agriculture (USDA), it is a silty loam [44]. Table 1 shows the mineralogical and textural 

parameters of the material. A natural density of 1.89 g/cm3 and a gravimetric water 

content of 32.8% were assumed to reproduce realistic compaction conditions [44]. Under 

these compaction conditions, it was reasonable to hypothesise that the soil deformability 

is negligible. The hydraulic behaviour was characterised by oedometric tests and by the 

use of a chilled-mirror psychrometer [45] to obtain the retention curve. Table 2 shows the 

obtained parameters. 
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Table 1. Textural and mineralogical of modeled soil. 

Size fraction Mass percentage (%) 

Sand 26.9 

Silt 68.2 

Clay 4.9 

Mineral Mass percentage (%) 

Quartz 7 

Feldspar 15 

Calcite 4 

Kaolinite 26 

Smectite 28 

Illite 20 

 

Table 2. Soil hydraulic parameters. 

Parameters Values Units 

αVG 0.0147 kPa-1 

nVG 1.2593 - 

mVG 0.2059 - 

 0.4681 - 

h

satK  2.03×10-10 m s-1 

eo

satK  2.4×10-9 m2 V-1 s-1 

ρs 2681.5 kg m-3 

L

i  0.01 m 

τ 1.00 - 

 

Figure 2 shows the dimensions of the experimental setup. The electrokinetic reactor is 

composed of a 15 × 15 × 3 cm central compartment that houses the soil to be treated and 

two side compartments with dimensions of 15 × 3 × 3 cm that are used as electrolyte 

wells, in which the electrodes are located. The electrodes have a prismatic geometry with 

an electrochemically active surface equal to the well/soil interface (SA=SC=45 cm2). The 
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electrolyte volume in the wells is assumed to be constant throughout the simulation 

process (VA=VC=135 cm3). 

 

 

Figure 2. Dimensions and boundary conditions of the modeled system. 

Table 3 shows the M components and N species that make up the two geochemical 

models, including the extended geochemical model (EGM) and the simplified 

geochemical model (SGM). The equilibrium reactions, their thermodynamic constants 

[46] and the physicochemical properties of each species are also shown. The values of 

the binary diffusion coefficients in water of each species were not found in the literature, 

so they were estimated using the expression of Pikal [47]. 
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Table 3. Thermodynamical properties of the modelled geochemical systems. 

EGM components:  Cl-, H2O, H+ CO3
-2, SO4

-2, NH4
+, Ca+2, Mg+2, Na+ and K+. 

SGM components:  Cl-, H2O, H+, Na+. 

Species Reactions 
log Ki

eq 

(25ºC) 

Hard core 

diameter  / 

Å 

Di
o / m2s-1 

 

Used in the 

geochemical 

model 

Cl- Cl- 0 3.6 2.03×10-9 EGM/SGM 

H2O H2O 0 3.4 5.27×10-9 EGM/SGM 

H+ H+ 0 4.1 9.31×10-9 EGM/SGM 

CO3
-2 CO3

-2 0 4.7 9.55×10-10 EGM 

SO4
-2 SO4

-2 0 4.7 1.07×10-9 EGM 

NH4
+ NH4

+ 0 4.1 1.98×10-9 EGM 

Ca+2 Ca+2 0 5.7 7.93×10-10 EGM 

Mg+2 Mg+2 0 5.7 7.05×10-10 EGM 

Na+ Na+ 0 4.1 1.33×10-9 EGM/SGM 

K+ K+ 0 4.1 1.96×10-9 EGM 

OH- H2O  OH- + H+ -14 3.6 5.27×10-9 EGM/SGM 

HCO3
- CO3

-2 + H+  HCO3
- 10.33 3.6 1.18×10-9 EGM 

H2CO3
* CO3

-2 + 2H+  H2CO3
* 16.68 3.4 1.92×10-9 EGM 

HSO4
- SO4

-2 + H+  HSO4
- 1.98 3.6 1.33×10-9 EGM 

NH3 NH4
+  NH3 + H+ -9.23 3.4 2.00×10-9 EGM 

CaHCO3
+ Ca+2 + CO3

-2 + H+  CaHCO3
+ 11.43 4.1 5.06×10-10 EGM 

CaCO3 Ca+2 + CO3
-2  CaCO3 3.22 3.4 4.46×10-10 EGM 

CaSO4 Ca+2 + SO4
-2  CaSO4 2.31 3.4 4.71×10-10 EGM 

Ca(OH)+ Ca+2 + H2O  Ca(OH)+ + H+ -12.78 4.1 2.13×10-10* EGM 

MgHCO3
+ 

Mg+2 + H+ + CO3
-2  

MgHCO3
+ 

11.37 4.1 4.78×10-10 EGM 

MgCO3 Mg+2 + CO3
-2  MgCO3 2.98 3.4 4.21×10-10 EGM 

MgSO4 Mg+2 + SO4
-2  MgSO4 2.23 3.4 4.45×10-10 EGM 

Mg(OH)+ Mg+2 + H2O  Mg(OH)+ + H+ -11.68 4.1 2.13×10-10* EGM 

NaHCO3 Na+ + HCO3
-  NaHCO3 10.08 3.4 6.73×10-10 EGM 

NaCO3
- Na+ + CO3

-2  NaCO3
- 1.27 3.6 5.85×10-10 EGM 

NaSO4
- Na+ + SO4

-2  NaSO4
- 0.94 3.6 6.18×10-10 EGM 

NaOH Na+ + H2O  NaOH + H+ -14.75 3.4 1.89×10-10* EGM/SGM 

KSO4
- K+ + SO4

-2  KSO4
- 0.88 3.6 7.46×10-10 EGM 

KOH K+ + H2O  KOH + H+ -14.46 3.4 1.89×10-10* EGM 

MgCl+ Mg+2 + Cl-  MgCl+ 0.35 4.1 2.13×10-10* EGM 

CaCl+ Ca+2 + Cl-  CaCl+ -0.29 4.1 2.13×10-10* EGM 

KCl K+ + Cl-  KCl -0.5 3.4 1.89×10-10* EGM 

NaCl Na+ + Cl-  NaCl -0.5 3.4 1.89×10-10* EGM/SGM 

CaCl2 Ca+2+ 2 Cl-  CaCl2 -0.64 3.4 7.54×10-10 EGM 

* Obtained by using Pikal´s model [46] 
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Table 4 shows the initial conditions of the problems simulated in this study. The 

compositions of the electrolyte and porewater used in the EGM were defined from a local 

sample of groundwater with a significant carbonate concentration [48]. Two criteria were 

followed to determine the analogous composition employed in the SGM simulation: the 

same initial pH (7.6) and the same concentration of positive charges in the initial state. 

Figure 2 shows the boundary conditions applied in the simulations. 

Table 4. Initial conditions. 

Total Concentration* Chemical Speciation Hydraulic Electrical 

molal EGM SGM molal EGM SGM kPa EGM SGM V EGM SGM 

H
C  3.04×10-3 -4.18×10-7 H

a  2.51×10-8 2.51×10-8 PL 100 100 E 1 1 

2
3COC

 
2.93×10-3 0 2

3COa  4.41×10-6 0     

2
4SOC

 
1.13×10-3 0 2

4SOa  5.25×10-4 0     


4NH

C

 
2.77×10-6 0 

4NH
a  2.39×10-6 0     

2Ca
C

 
2.30×10-3 0 2Ca

a  1.29×10-3 0     

2MgC

 
2.06×10-3 0 2Mga  1.17×10-3 0     

Na
C

 
3.58×10-3 1.17×10-2 Na

a  3.13×10-3 1.05×10-2     

K
C  5.31×10-5 0 K

a  4.65×10-5 0     

   OH2
a  9.99×10-1 9.99×10-1     

   Cl
c  7.24×10-3 1.17×10-2     

   I 1.66×10-2 1.17×10-2     

*Concentration of liquid pore and electrolytes (anolyte and catholyte) 

3.2. EGM simulation 

To assess the scope of the M4EKR model, the EKR process was simulated with the EGM 

described in Section 2 for a total test time of 3 days. Figure 3 shows the spatial distribution 

of a set of variables of interest for different times. 
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Figure 3. Spatial distribution in the EGM at selected times of (a) pH; (b) total normalised 

concentration of the 
2

3CO component; (c) total normalised concentration of the 
2

4SO

component; (d) total normalised concentration of the Na+ component; (e) total normalised 

concentration of the K+ component; (f) total normalised concentration of the Ca2+ 

component; (g) total normalised concentration of the Mg2+ component; (h) Ionic strength, 

I. 

The pH distribution follows the typical pattern described in the literature [14, 23], 

including an acidic front and a basic front that move towards the centre of the domain 

from the anodic and cathodic wells, respectively (Figure 3a). Both are located in a central 
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position (although closer to the cathode due to the higher ionic mobility of H+), and the 

resulting front moves slowly to the position of the cathode well. The behaviours of 

different ions are similar to what is expected theoretically (Figures 3b to 3g). Thus, 

increased concentrations of the anionic and cationic components form near the anode and 

the cathode, respectively, which causes long-term increases in the ionic strengths with 

respect to the initial values in these zones (Figure 3h). Supplementary Figure SM 1 shows 

the temporal evolution of the variables in Figure 3 for the solutions contained in the anode 

and cathode wells; the developments are consistent with the expectations. 

Two observable phenomena in the ionic distributions are especially interesting. First, in 

nearly three quarters of the simulated domain, the ionic strength is less than the initial 

strength after three days of simulation, which shows the progressive desalination system 

that was shown in the results of other authors [49-51]. Second, the 
-2

3CO  component has 

an anomalous distribution with a significant concentration peak in the centre of the 

domain and not at the anode, as would be expected for an anion. In the equilibrium of 

carbonates in a closed system [52], the bicarbonate ion, 
-

3HCO , only is predominant at 

pH values between 6.3 and 10.25. Behind the basic front, the main species is the carbonate 

ion (
-2

3CO ), and behind the acidic front is predominant species is
*

32COH  (treated as a 

non-volatile acid sum of the concentrations of the H2CO3 acid and the dissolved CO2). 

The modelled behaviour of both 
-

3HCO and 
-2

3CO is consistent with the distributions of 

the rest of charged species (Figures 4a and 4b, respectively). However, the distribution of 

carbonic acid (
*

32COH , Figure 4c) causes the total concentration of the carbonates to have 

the characteristic accumulation before the pH front (Figure 3b).The reason for this 

phenomenon can be determined from the various components of the total flow of 

carbonates. Only the 
*

32COH  species is present in the acidic zone, which does not move 
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by electromigration but rather by advective flow of the liquid phase (hydraulic flow and 

electro-osmotic flow) and by the diffusive/dispersive flux of the species. Moreover, the 

flow of the carbonates that have a net negative electrical charge (
-

3HCO  and 
-2

3CO ) is 

dominated by electromigration. The final profile of the total flux of the 
-2

3CO  component 

(Figure 4d) is positive from the anode to the pH front (flow to the right). From the pH 

front to the cathode, the total flux is negative (to the left). Because the pH front determines 

which secondary species of the family of carbonates is predominant in the solution, it also 

marks the main type of transport. Thus, the main component of flow in the acidic region 

is advective-diffusive, and the flow in the basic region is by electromigration. Both flows 

come together in the front and generate an accumulation zone of the 
*

32COH  species 

(Figure 4c) and, consequently, of the total 
-2

3CO component (Figure 3b).
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Figure 4. Spatial distribution in the EGM at selected times of (a) molal concentration of 

the 
2

3CO species; (b) molal concentration of the 


3HCO species; (c) molal concentration 

of the 32COH species; (d) total mass flux of the
2

3CO component.  

 

The other state variables of the system, such as the electrical potential and the fluid 

pressure in soil pores (Figure 5), behave as is expected theoretically and from the 

experimental results in the literature [53, 54]. Figure 5a shows that the initial distribution 

of the electrical potential is nearly linear, but its slope decreases near the anode and 

cathode and increases in the intermediate zone. This is due to the spatial distribution of 

the electrical conductivity (Figure 5b), which is high near the electrolyte wells and lower 

in the centre of the domain due to the redistribution of solutes and the ionic strength 

(Figure 3h). The liquid pressure decreases rapidly to negative values near the anode, 

which causes soil desaturation as described in the literature [55, 56]. Over the long term, 

the entire domain experiences unsaturated conditions due to the reduced hydraulic 
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permeability of the soil (clay CL), which leads to partially saturated conditions when the 

output electro-osmotic flow is greater than the input hydraulic flow.  

 

Figure 5. Spatial distribution in the EGM at selected times of (a) electric potential, E; (b) 

apparent electrical conductivity, a; (c) liquid pressure, PL; (d) degree of saturation, Sr. 

The desaturation process influences the temporal evolution of the outgoing or incoming 

anode flow to the cathode (Figure 6). Throughout the simulated time interval, the liquid 

inputs to the cathodic well (outputs from the soil) are greater than the outputs of the anodic 

well (inputs to the soil). Consequently, desaturation occurs near the anodic well and then 

spreads to the entire domain, as was discussed in the previous paragraph. When the 

partially saturated conditions reach the vicinity of the cathodic well, the incoming flow 

to the well by hydraulic flow decreases to zero and becomes outgoing due to the suction 

gradient. This compensates for the increased electro-osmotic flow towards the cathode 
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well (Figures 5c and 5d). The flows out of the anode and into the cathode equalise, and a 

steady state is reached. The difference between the values of the electro-osmotic flows, 

which are always higher near the cathode than near the anode, occurs because the electric 

conductivity is higher in the latter, the electric potential gradient is lower, and 

consequently the flow produced by the gradient is also lower. 

 

Figure 6. Total liquid fluxes in the electrolyte wells (a) anodic well outflux (b) cathodic 

well influx. 

3.3. EGM vs SGM simulations 

The previous section showed that the M4EKR model for the EGM allows the main 

behaviour of EKR processes in soils to be characterised. However, other authors [13, 14, 

48] have also reproduced some of these trends with simpler geochemical models (e.g., 

desaturation, differences in the decrease in the electrical potential and the electro-osmotic 

flow). Therefore, the question arises as to whether it is necessary to add complexity to 

numerical models to correctly simulate EKR in natural soils and porewaters. To 
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demonstrate the suitability of this simulation, an SGM simulation is performed to make 

critical comparisons with the EGM results. 

A SGM composed solely of the components Na+, Cl-, H2O and H+ is developed by 

adopting the parameters in Table 3 and the initial conditions in Table 4. We first compared 

the pH, which is essential to understanding the speciation in the EGM and to assessing 

the efficiencies of different physical and chemical processes that take place when these 

remediation techniques are applied [57]. Figure 7 compares the temporal evolution of the 

pH in the anodic and cathodic wells obtained with both geochemical models. In the SGM, 

the pH increases by approximately 3.5 at the anode and 2.3 at the cathode in 60 s. 

However, the variation in the EGM is much slower, and the pH only reaches the SGM 

values after 10 h of simulation. This phenomenon can be explained by the buffer system 

of carbonates, which is capable of maintaining the pH at relatively stable values even with 

small additions of acids or bases. For this reason, the temporal evolutions of both models 

are markedly different until 10 hours have passed, after which the buffering ceases to 

have an effect because of the nearly complete disappearance of bicarbonates in the 

domain. 
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Figure 7. pH evolution in the anodic and cathodic wells in the EGM and the SGM. 

If different pH profiles are observed at various times (Figure 8), the forward speed of the 

fronts is much faster in the SGM; the front is already well-defined in 1 hour compared to 

the 3 hours required in the EGM. H+ is a conservative solute in the SGM, whereas it is 

significantly delayed in the EGM due to the buffering effect of the carbonate system. This 

effect can be seen more clearly with the help of Figure 9. Points A and B represent the 

mean locations of the acidic and basic fronts within the domain, respectively. Their 

positions (xA, xB) were calculated using the expressions  

    2, acidicini tpHpHtxpH A         (46) 

    2, basicini tpHpHtxpH B         (47) 

where pHini is the initial pH value, t the time, and the pH increments where calculated as 

   tpHpHtpHacidic minini         (48) 

    inimax pHtpHtpHbasic         (49) 
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where pHmax(t) and pHmin(t) are the maximum and minimum values of the pH profile at 

time t. Initially, the points A and B are located in the extremes of the domain, but when 

the pH front is fully formed, their positions are nearly coincident. If the evolution of the 

positions of the fronts is represented by the locations of these points, the disparity in the 

speeds of advancement of the fronts can also be observed (Figure 10). In the EGM, the 

advancement of the acidic front is nearly zero until 1 h has elapsed, whereas in the SGM, 

the pH front has already formed almost 10 cm from the anodic well at that time. In the 

EGM, the front takes more than one additional hour to form and does so at a more central 

position. In both cases, the front stops moving towards the cathode at similar speeds, 

although it reaches closer to the cathode positions in the SGM. This buffering capacity 

was experimentally observed in soils with a significant carbonate mineral content [58, 

59]. During the electrokinetic treatment of a heavy metal contaminated soil, the 

dissolution of those minerals in the proximity of the anode produced the neutralization of 

the acid front. The pH values remained closed to neutrality and, consequently, the 

speciation of the heavy metals was significantly altered. In the present work, the different 

pH profiles also have an immediate effect on speciation and alter the distributions of 

secondary species of interest. Supplementary Figures SM 2 to SM 4 compare the 

normalised concentrations of several secondary species of Na+ in the EGM and SGM. 
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Figure 8. pH profiles in the EGM an in the SGM at selected times. 

 

 

 

Figure 9. Proposed mean location of the acidic (point A) and basic (point B) fronts. 
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4. CONCLUSIONS 

This paper proposed a conceptual model for the behaviour of an electrokinetic soil 

remediation system. Mass balance, chemical equilibrium, and constitutive equations were 

proposed. The formulation was applied to simulate the behaviour of a one-dimensional 

system that reproduces the configuration of a simple reactor. Two geochemical systems 

were considered. The first, the EGM, takes into account a realistic composition of natural 

porewater. The SGM, which has the same pH and concentration of mobile charges, 

assumes an idealised porewater composition with only four components (Na+, Cl-, H2O 

and H+). The behavioural trends obtained with these models are consistent with those 

described by previous studies, including a long-term desaturation of the domain, a larger 

decrease in the electrical potential near the cathode, and greater electro-osmotic flow 

towards the cathode well. However, there are significant discrepancies between the EGM 

and the SGM with respect to the pH, which can be considered the primary control variable 

in the soil remediation process. A different early temporal evolution of the pH is observed, 

which is much faster in the SGM. This causes much faster shifts in the basic and acidic 

fronts, and the final equilibrium is shifted towards the cathode well. This behaviour is 

caused by the buffering capacity of the system of carbonates in natural waters, which has 

not been considered in other models (such as the SGM). Buffering due to carbonates 

significantly affects the evolution, pH distribution, and ultimately the process efficiency 

of electrokinetic remediation because it affects the speciation of contaminants, the 

adsorption or desorption of soil particles, and their mobility or that of the liquid phase 

that contains them. Therefore, if numerical models are used to design actual remediation 

systems, previous simulations that use simplified geochemical systems may produce 

results that are significantly different from those obtained in reality. The delay in the 

formation and movement of pH fronts can cause greater energy consumption and duration 
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of the remediation process than those expected by simple geochemical modelling. 

Therefore, it is important to include a complete geochemical model in electrokinetic 

remediation models to properly understand all of the processes that occur in natural soils 

and porewaters and to thus evaluate the efficiency of remediation technologies. 

 

SUPPLEMENTARY MATERIAL 

We included a notation list and some additional figures on the evolution of the total 

concentrations of the components and other variables in the electrolyte wells obtained 

with the EGM and the spatial distributions of different species of the Na+ component 

obtained with the EGM and the SGM in the Supplementary Material. 
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Supplementary materials 

 

Notation list 

Parameters Description Units 

ai activity of species i mol kgw
-1 

Cm total molal concentration of component m  mol kgw
-1 

Cm
o initial molal concentration of component m mol kgw

-1 

Cm
A total molal concentration of component m in the anodic well mol kgw

-1 

Cm
C total molal concentration of component m in the cathodic well mol kgw

-1 

ci molal concentration of species i mol kgw
-1 

Di
e effective diffusion coefficient of species i m2s-1 

Di
o diffusion coefficient in water of species i m2s-1 

Di diffusion/dispersion coefficient of species i m2s-1 

E electric potential V 

F Faraday constant C mol-1 

g gravity constant m s-1 

I ionic strength mol kgw
-1 

i total current density A m-2 

i species index -- 

Ksat
h saturated hydraulic permeability m s-1 

Ke
h effective hydraulic permeability m s-1 

Ke
eo effective electroosmotic permeability m2 V-1 s-1 

lw total mass flux of water kg m-2 s-1 

lw
h mass flux of water, Darcian contribution kg m-2 s-1 

lw
eo mass flux of water, electroosmotic contribution kg m-2 s-1 

lm total molar flux of component m mol m-2 s-1 

lm
h molar flux of component m, Darcian contribution mol m-2 s-1 

lm
eo molar flux of component m, electroosmotic contribution mol m-2 s-1 

lm
em molar flux of component m, electromigration contribution mol m-2 s-1 
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lm
dif molar flux of component m, Fickian contribution mol m-2 s-1 

M total number of components -- 

Mm
A moles of component m in anodic well mol 

Ain 

mM  inlet molar flow of component m in anodic well mol s-1 

Aout 

mM  outlet molar flow of component m in anodic well mol s-1 

Mm
C moles of component m in cathodic well mol 

Cin 

mM  inlet molar flow of component m in cathodic well mol s-1 

Cout 

mM  outlet molar flow of component m in cathodic well mol s-1 

m component index -- 

mw water mass per unit of total volume of soil kg m-3 

mm mass of component m por unidad de volumen mol m-3 

mVG parameter of the Van Genuchten retention curve -- 

N total number of species -- 

n normal vector  

nVG parameter of the Van Genuchten retention curve -- 

PG gas pressure kPa 

PL liquid pressure kPa 

qw total volumetric flux of water m3 m-2 s-1 

qw
h Darcian volumetric flux of water m3 m-2 s-1 

qw
eo electroosmotic volumetric flux of water m3 m-2 s-1 

qi
em migration velocity of species i m s-1 

Q total electric charge C m-3 

R ideal gas constant ?? 

Rm rate of production/consumption of component m mol m-3 s-1 

RQ rate of generation/consumption of electric charge C m-3 s-1 

Rm
A rate of production/consumption of component m in anodic well mol s-1 

Rm
C rate of production/consumption of component m in cathodic well mol s-1 

Sr saturation degree -- 

SA anodic surface m2 
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SC cathodic surface m2 

s matric suction kPa 

T temperature K 

VA anolyte volume m3 

VC catholyte volume m3 

z vertical coordinate m 

zi charge number of species i  

αVG parameter of the Van Genuchten retention curve kPa-1 

αi
m molar contribution of component m to the production of species i -- 

i activity coefficient of species i -- 

i
L longitudinal dispersivity of species i m 

o,i ionic molal conductivity of species i S kgw m-1 mol-1 

μi
e effective ionic mobility of species i m2V-1s-1 

μi
o ionic mobility of species i at infinite dilution in water m2V-1s-1 

ρw water density kg m-3 

a aparent electrical conductivity S m-1 

s electrical conductivity of solid phase S m-1 

a electrical conductivity of aqueous phase S m-1 

τ tortuosity -- 

 porosity -- 

m
A mol of m produced per mol of changed electrons in anodic surface - 

m
C mol of m produced per mol of changed electrons in cathodic surface - 

∂/∂t time-derivative operator s-1 

∇· divergence operator m-1 

∇ gradient operator m-1 
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Figure SM 1. Evolution in the electrolyte wells for the EGM of (a) pH; (b) total 

normalised concentration of the 2

3CO component; (c) total normalised concentration of 

the 
2

4SO component; (d) total normalised concentration of the Na+ component; (e) total 

normalised concentration of the K+ component; (f) total normalised concentration of the 

Ca2+ component; (g) total normalised concentration of the Mg2+ component; (h) Ionic 

strength, I. 
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Figure SM 2. Spatial distribution of the normalised concentration of the species Na+ in 

the EGM and the SGM at selected times.  
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Figure SM 3. Spatial distribution of the normalised concentration of the species NaOH 

in the EGM and the SGM at selected times.  
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Figure SM 4. Spatial distribution of the normalised concentration of the species NaCl in 

the EGM and the SGM at selected times.  

 


