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Abstract. We implemented a numerical model able to simulate transport of multiple species and geochemical
reactions occurring during the remediation of metal-contaminated sediments characterized by a heterogeneous
solid matrix, high buffering capacity and aged pollution. The main phenomena described by the model were: (1)
chemical species transport through the porous matrix by electromigration and electroosmosis, (2) pH-dependent
buffering of H+, (3) adsorption of contaminants onto sediment particle surfaces, (4) aqueous speciation and (5)
formation/dissolution of solid precipitates. A constitutive relationship between zeta-potential and pH was used to
compute the local electroosmotic permeability. The electroosmotic flow was computed by the volume averaging
the electroosmotic permeability. The results of three electrokinetic tests, carried out with different treatment
durations (32, 63 and 120 days) were used to validate the model. A good agreement was found between the
experimental data and model predictions. In particular, pH and electroosmotic flow were predicted with good
accuracy. The predicted metals profiles were also close to experiments profiles for all of the investigated metals
(Pb, Zn and Ni) but an overestimation of the removal was observed in the regions close to the anode, possibly
due to the significant metal content bound to the residual fraction, quantified with sequential extraction
technique. These results encourage the use of the discussed modelling approach as an engineering tool for the
design, implementation and removal efficiency prediction of electrokinetic technology at the field scale.

1. Introduction
Harbour sediments are frequently affected by a wide variety of pollutants. In most cases pollution is caused
by the accumulation of contaminants that lasts for decades due to human activities within the harbours or
transported from upstream sources.
Remediation of long-term heavy metal contamination is particularly critical, since aging effects cause strong
bonds to sediment particles that make pollutant mobilization particularly difficult. Moreover, sediments are often
characterized by low-permeability and high acid-neutralizing capacity, due to the high presence of fine particles
and carbonates (Peng et al., 2009).
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Electrokinetic remediation (EKR) has been successfully employed for the treatment of sediments having
these characteristics (Colacicco et al., 2010; Iannelli et al., 2015; Reddy and Cameselle, 2009). This technique
relies on the application of a low-intensity electric field to the contaminated mass, which induces the mobilization
of contaminants and water through the porous medium toward the electrodes, due to three main transport
mechanisms: electromigration (movement of charged ions and molecules), electroosmosis (movement of fluid),
and electrophoresis (movement of charged particles). The application of an electric field to the contaminated
mass also induces a set of complex effects such as pH changes, electrode reactions and geochemical reactions
(Acar and Alshawabkeh, 1993).
Despite many of the abovementioned processes are largely reported in literature and fully understood, their
prediction is often a complex task and it is hardly achievable merely on an experimental basis. Especially in the
case of sediments with high buffering and sorption capacity, longer remediation times (i.e. months) are required
to reach the target clean-up levels. In these cases, an extensive laboratory experimentation would be
excessively time-consuming and modelling becomes a necessary tool for the identification of the main
parameters affecting the remediation efficiency and for prediction of contaminant extraction. Once the main
factors governing the remediation are identified, a mathematical model is also able to provide a way to test
different working configurations and remediation schemes for the design and practical implementation of this
technology at field scale.
Several models have been proposed to predict electrokinetic extraction of contaminant (Al-Hamdan and
Reddy, 2008; Amrate and Akretche, 2005; Choi and Lui, 1995; Paz-García et al., 2011; Yu and Neretnieks,
1996). Most of these models are based on the application of the Nernst-Planck equations to the studied
chemical species in the pore fluid solution. These equations are coupled with auxiliary equations in order to
guarantee the solution electrical neutrality or with the Poisson equation of electrostatics to calculate the electrical
potential locally induced due to the charge unbalance produced when ions are migrating with a different rate.
Many of the developed models show troublesome agreement between the model results and experimental
data. This discrepancy can be due to different reasons; generally, it is caused by the high complexity of the
mechanisms involved, to the simplifications and assumptions introduced in the model, to strong material
heterogeneity or other factors.
The present study aims to address the complicating factors in modelling electrokinetic remediation of real
contaminated sediments such as high buffering/sorption capacity and matrix heterogeneity, combining
mechanistic and empirical approaches toward the description of these phenomena.
We present a one-dimensional reactive transport model based on the Nernst-Planck equations coupled with
a geochemical model. The model describes the contaminant transport driven by chemical and electrical
gradients, as well as the effect of surface reactions, speciation of chemical species and their interaction. In the
model we consider only the main phenomena which most laboratory investigations recognized as main
contributors to the decontamination of saline sediments. The model accounts for: (1) chemical species transport
through the porous matrix by electromigration and electroosmosis, (2) induced pH changes, (3) pH-dependent
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interaction of H+ and contaminants with sediment particle surfaces, (4) aqueous solution speciation (i.e.
formation/dissolution of complexes and solid precipitates) and (5) the interaction between multiple chemical
species. The numerical model was validated by comparison with experimental data.

2. Model formulation
In the present study, the electrokinetic remediation processes are divided into transport processes and
reactions. The transport of species toward the electrodes mainly occurs by diffusion, electromigration and
electroosmosis. Other transport mechanisms not directly related to the application of the electric field may occur
(i.e. advective flow due to pressure gradients) but can be neglected, as shown later in the text.
A range of equilibrium and kinetically controlled reactions also occur during electric field application such as
electrode

reactions,

gas-aqueous

phase

exchange,

precipitation/dissolution,

adsorption/desorption,

complexation, ion exchange, oxidation-reduction, electrochemical deposition. In the present study, we adopt the
assumption that chemical reactions are fast enough to reach their chemical equilibrium at each time interval of
the numerical integration. A large number of studies adopting this assumption showed reasonable agreement
between the model and experimental data (Al-Hamdan and Reddy, 2008; Gomes et al., 2015; Wu et al., 2012).
Under the assumption of local equilibrium, we were able to implement the transport processes and reactions
in two separate steps of the numerical integration, using two different software modules. Transport equations
were implemented in a finite-element software, which solves the non-linear system of partial differential
equations (Nernst-Planck equation) for each of the modelled species. Instead, chemical and geochemical
reactions were implemented with the USGS PHREEQC software. The two modules were coupled using a twostep sequential non-iterative split-operator scheme, to calculate transport (first step) and reactions (second step)
at each time interval.
Three heavy metals have been investigated in this study (Pb, Zn, Ni). Along with the contaminants, six major
+

-

+

-

-

species (H , OH , Na , Cl , NO3 ) were also included in the model. A total of sixteen species was implemented,
2+

+

-

considering the most abundant complexes present in solution under the working conditions (Pb , PbCl , PbCl3 ,
2-

+

2+

+

-

2-

+

2+

+

+

PbCl4 , PbCl2, PbNO3 , Pb(NO3)2, Zn , ZnCl , ZnCl3 , ZnCl4 , ZnCl2, ZnNO3 , Ni , NiCl , NiNO3 ).

2.1. Electrokinetic transport
We considered diffusion, electromigration and electroosmosis as the main mechanisms driving the transport
of heavy metals. Electrophoretic transport is neglected due to its limited relevance in electrokinetic remediation
since the colloid movements are hindered by the immobile phase of the porous medium. Moreover, due to the
low hydraulic permeability, it is assumed that the advective flow, i.e. the flow due to pressure gradients, can be
neglected because of the lower order of magnitude compared to electroosmotic flow.
-2

-1

Under these assumptions, the flux density per unit cross-sectional area of porous medium Ji (mol m s ) of a
dissolved chemical species i can be expressed as (Alshawabkeh and Acar, 1992):

Ji   Dici  Uici  keoci
2

-1

(1)
-3

where Di* (m s ) is the effective diffusion coefficient of the i-th specie, ci (mol m ) the concentration of the i-th
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specie, Ui* (m s V ) the effective ion mobility,  (V) the electric potential and keo (m V s ) the coefficient of
2

-1

-1

2

-1

-1

electroosmotic permeability. Due to the tortuous path followed by the ions in the porous matrix during transport,
the effective diffusion and ion mobility coefficients used in Equation 1 take into account the effect of porosity n
and tortuosity τ (Shackelford and Daniel, 1991) and they are defined as:

2

-1

2

-1

Di  n Di

(2)

U i  nU i

(3)

-1

where Di (m s ) and Ui (m s V ) are the diffusion coefficient and ion mobility at infinite dilution, respectively.
The value of the tortuosity factor may span in a wide range from 0.01 to 0.84 (Alshawabkeh and Acar, 1992) and
the value depends on the specific characteristics of the porous medium.
The diffusivity and ionic mobility can be related to a single property by the Nernst-Townsend-Einstein relation
(Alshawabkeh and Acar, 1992):

U i 
-1

Di zi F
RT

(4)

-1

-1

where R (8.314 J K mol ) is the universal gas constant, T (K) the absolute temperature and F (96485 C mol )
the Faraday’s constant.
Applying the law of mass conservation to Equation (1), the mass transport of the i-th specie is given by the
Nernst-Planck equation:

n
-3

ci
     Di*ci  (U i*  keo )ci   nRi
t

(5)

-1

where Ri (mol m s ) represents a volumetric net source/sink of ci due to chemical reactions.
The coefficient of electroosmotic permeability keo in Equations (1) and (5) is dependent on the zeta potential,
which in turn depends upon the characteristics of the porous medium and of the pore fluid. The zeta potential
may not be constant in time and space if these characteristics change during the treatment.
Here we adopt a generic exponential relationship, proposed by Eykholt and Daniel (1994):

 (mV )  a  b exp(c  pH)

(6)

where a,b and c are three empirical parameters. These parameters were calibrated from the data collected
during the electrokinetic experiments.
The electroosmotic permeability keo is a space-dependent quantity related to the zeta potential ζ (V), the
-1

-2

dielectric constant ε (F m ) of the fluid and the fluid viscosity η (N s m ) and it can be expressed as:

keo  
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where the minus sign indicates that negatively charged particles produce a direct electroosmotic flow, i.e. from
anode to cathode.
Finally, under the assumption that the electric field only varies in the x-direction, we calculated the bulk
3

-1

electroosmotic flow Qeo,x (m s ) by volume averaging the electroosmotic permeability in the x-direction:

A 
n
 Ex dx
L 
0
L

Qeo , x  

(8)

where the quantities outside the integral are assumed constant, L (m) is the specimen length and Ex = -∂ϕ / ∂x (V
-1

m ) is the electric field in the x-direction.

2.2. Chemical reactions
Among the range of reactions that occur when the electric field is applied, we considered: (1) electrolysis of
+

water at the electrodes, (2) pH-dependent adsorption/desorption of H onto the sediment solid matrix, (3)
adsorption/desorption

of

contaminants,

(4)

aqueous

speciation

(i.e.

formation

of

complexes),

(5)

precipitation/dissolution of species.
The first set of electrochemical reactions occur at the electrodes, where water electrolysis takes place:
(9)
(10)
+

Water oxidation at the anode is included in the model as a boundary condition representing flux of H in the
system. Water reduction at the cathode is not considered as a boundary condition, since nitric acid is used at the
-

cathode to neutralize the hydroxyl ions. The flux of NO 3 is considered instead as a boundary condition for the
-

cathode. We assume in the model that the rate of HNO 3 addition equals the rate of production of OH at the
cathode and neglected the possible formation of ammonium.
The acid-buffering capacity of the sediments is modelled as a generalized surface complexation reaction.
Surface sites are represented by a certain amount of active sites ≡SOH, where S is a metal associated to the
solid structure and located at the solid-liquid interface. Depending on the electrolyte pH, these groups are
subjected to protonation and deprotonation reactions according to (Stumm and Morgan, 1995):
(11)
(12)
The equilibrium constants for the above reactions are:

K1 

[ SOH 2 ]
[ SO ][H  ]
,
K

2
[ SOH][H  ]
[ SOH]

(13)

As a result of this approach, the mass action equations (13) provide a description of the macroscopic
+

dependence of H adsorption as a function of pH but they are not intended to give an accurate representation of
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the stoichiometry of the reactions at the molecular scale.
The adsorption of heavy metals (Pb, Ni and Zn) onto the sediment particle surfaces was modelled as an
3

-1

adsorption isotherm with linear distribution coefficient between the liquid and solid phase Kd,i (m kg ), defined
as:

Sia  Kd ,i ci
where

(14)

Sia (mol kg-1) is the concentration of metal adsorbed onto the solid phase, ci (mol m-3) is the

concentration of the metal in solution.
Surface complexation and adsorption reactions were implemented in PHREEQC. The formation of
complexes and precipitates were also calculated by the program. Equations representing these processes are
not reported, as they can be found in Parkhurst and Appelo (1999).

2.3. Initial and boundary conditions
The initial and boundary conditions used for the simulations are reported in Table 1. The initial concentrations
of all the complexes were set to zero.
Table 1. Initial and boundary conditions
Species
+

10

-3

-

10

-11

+

0.5

H

OH
Na

Cl

-

Pb

Ni

-

2+

2+

2+

10

Boundary condition
(anode)

Boundary condition
(cathode)

J H  J / F

pH = 3

Equilibrium with H

C Na 
t
CCl

0.5

NO3

Zn

Initial concentration (M)

t
C NO

-3

3

t

+

pH = 3

C Na 

0
0
0

J NO  J / F

t

0

3

4.91 ∙ 10

-4

CPb = 0

CPb = 0

1.44 ∙ 10

-2

CZn = 0

CZn = 0

2.59 ∙ 10

-3

CNi = 0

CNi = 0

+

0

t
CCl

-

At the electrodes, the influx of H (at the anode) and of NO3 (cathode) were calculated with the Faraday’s law
-2

-1

-2

of electrolysis Ji = J / F, where Ji (mol m s ) is the ion influx and J (A m ) the current density.

3. Experimental procedure
3.1. Sediment characterization
The sediments were sampled from the Port of Livorno (Italy) from the surface layer of the sea bottom
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(approx. 0-50 cm), using a Van Veen-like manual grab sampler. The pH of treated and untreated sediment
samples was measured according to ISO 10390:2005. The acid buffering capacity of the sediment was
determined by titration method using 0.1 M HCl. Metal content was determined with ICP-OES (after acid
digestion in accordance with the US EPA 3050b 1996 and US EPA 7000b 2007 methods). pH and heavy metal
content analysis procedures were applied at least to three replicate samples.

3.2. Experimental setup and electrokinetic tests
The setup for electrokinetic tests consisted in an acrylic cell (Figure 1), composed of six parts: the sediment
compartment, the electrode compartments, the water and acid reservoirs, the electrolyte solution overflow
reservoirs, the power supply and the pH control system. The specimen dimensions were 30x7x7 cm. The anode
and cathode were made with a titanium mesh with a Mixed Metal Oxide (MMO). An array of six graphite rod
electrodes was placed to monitor the voltage drop across the sediment.
The catholyte was kept at constant pH conditions during the experiments by means of an automated control
system. Two pH probes were placed inside the anode and cathode chambers and the measured values were
used to automatically control a valve for acid injection into the cathode chamber. Deionized water was added in
both electrode chambers at a constant rate in order to compensate the water losses (e.g. electrolysis and
evaporation). During the tests, the electroosmotic flow was calculated from mass balance by measuring the
volume change in the electrolyte overflows. At the end of each experiment, the material was divided into five
locations and analyzed for pH and total metal content. Metal concentrations were also measured in the anolyte
and catholyte.

Figure 1. Diagram of the experimental electrokinetic cell.

2

Three experiments (EXP1, EXP2 and EXP3) were carried out applying a constant (DC) current of 40 A/m for
32, 63 and 120 days. Experiment 2 was carried out in our previous work (Iannelli et al., 2015). Nitric acid was
added at the cathode to maintain a constant pH of 3. The experimental conditions are summarized in Table 2.
Table 2. Experimental conditions for the electrokinetic treatments.
Test

Duration
Applied current
2
(days)
density (A/m )
EXP1
32
40
EXP2*
63
40
EXP3
120
40
* Experiment results already published in Iannelli et al. (2015).
Session C09: Sediment treatment

Anolyte

Catholyte

Deionized water
Deionized water
Deionized water

HNO3
HNO3
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4. Results and discussion
4.1. Model parameters
In the numerical model, the reactive-transport of a total of 21 species was set-up. We included in the model
only the complexes and solid phases having significant concentration at the working condition (ionic composition
and pH), on the basis of preliminary PHREEQC simulations. The selected solid phases included in the model
were Pb3(OH)2(CO3)2, Ni(OH)2 and Zn(OH)2.
The values of the diffusion coefficients assigned to each species were taken from literature (Reddy and
Cameselle, 2009). Where not available, the complexes were assigned the same diffusion coefficient as their
metal constituent. All the equilibrium constants for solution speciation and solid phase reactions were defined as
given in the thermodynamic database ‘minteq.v4.dat’, which is distributed with PHREEQC. The other model
parameters were either derived from literature or calibrated through laboratory batch tests and/or with the results
of the electrokinetic tests. Table 3 summarizes the parameters adopted in the numerical model.
Table 3. Model parameters
Parameter

Value

Unit

Description

τ

0.80

-

Tortuosity factor

n

0.35

-

Sediment porosity

a

69.76

mV

Parameter Eq. 6

b

-20.71

-

Parameter Eq. 6

c

0.15 ± 0.02

-

Parameter Eq. 6
2

J

40

A/m

Applied current density

VAN

8

V

Voltage at the anode

VCAT

0

V

Voltage at the cathode

T

25

°C

Temperature

log(Kd,Pb)

2.7

-

Pb distribution coeff.

log(Kd,Zn)

2.4

-

Zn distribution coeff.

log(Kd,Ni)

2.4

-

Ni distribution coeff.

Reactions

log(K)
3.18

-

Protonation reaction

-7.14

-

Deprotonation reaction

The tortuosity factor was derived from literature. The porosity was experimentally determined. Batch titration
tests were carried out to obtain the equilibrium constants of the surface complexation model (Equation 13). The
constants K1 and K2 were adjusted to fit experimental titration data. The parameters a,b and c of Equation 9 for
zeta potential estimation were calibrated minimizing the difference between the electroosmotic flow measured
during the experiments and the modelled electroosmotic flow, calculated with Equation 8.
The voltage gradient in the model was set linear and it was assumed constant with time. These strict
assumptions were verified during the laboratory experiments which showed that voltage gradient was sufficiently
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stable over the entire duration of the tests.

4.2. Numerical simulation results
+

Figure 2 shows the comparison between the predicted and experimental pH profile. Due to the H produced
at the anode, an acid front moves from the anode toward the cathode and progressively acidify the sediment.
This process is used to facilitate the desorption of the contaminants from the solid matrix. Overall, a good
agreement between the model and the experimental data is observed. The slight disagreement in the region
near the anode for the 32 and 63 day experiments might be due both to the constant voltage assumption and to
the local equilibrium assumption. Nevertheless, the overall pH values are consistent with the measured values.
10
Initial pH

pH

8
6

4
2
0
0

5
10
15
20
25
Distance from the anode compartment (cm)
Initial
Model (120 d)
EXP1 (32 d)

Model (32 d)
Model (180 d)
EXP2 (63 d)

30

Model (63 d)
Model (240 d)
EXP3 (120 d)

Figure 2. Predicted and measured pH profiles in the sediment

The comparison between the electroosmotic flow prediction and electroosmotic flow measured during the
experiment with longer duration (EXP3) is presented in Figure 3. The result show a very good agreement
between the model and experimental determination. During the experiments, an inversion of the electroosmotic
flow direction (from anode to cathode to the opposite direction) was observed after about 30 days of treatment
and this change is attributed to the variation of the sediment pH. Along with the change of pH due to the
advance of the acid front from the anode, the zeta potential of the sediment particles changed, producing
variations in the electroosmotic flow magnitude and direction.
The investigated heavy metals (Pb, Zn and Ni) were either transported by electromigration or by
2+

2+

2-

electroosmosis toward the electrodes. The transport of species with higher valence (e.g. Pb , Ni , PbCl4 , etc.)
was more influenced by electromigration, while the transport of zerovalent complexes occurred only by
electroosmosis.
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Electroosmotic flow (Liters)

1
0.5
0
-0.5
-1

-1.5
Model prediction
Electroosmotic volume (EXP3)

-2
-2.5

-3
0

20

40
60
80
Elapsed time (days)

100

120

Figure 3. Comparison between the predicted electroosmotic flow and the volume measured during EXP3

In Figure 4, the predicted and observed heavy metal profiles are reported as a function of the distance from
the anode compartment. The three experimental profiles are very similar, showing a strong dependence from the
pH profiles, i.e. where lower pH is observed also lower metal concentration is observed. Small peaks in the
concentrations are observed near the cathode, located at about 20 cm from the anodic side due to the
accumulation of metals transported toward the cathode and immobilized in the cathodic region due to the higher
Pb concentration
Normalized
Normalized concentration

pH.
1.6

1.6

a) Pb

1.6

b) Zn

1.2

1.4

1.2

1

1.2

1

0.8

1

1

0.6

0.8

0.8

0.4

0.6

0.6

0.4

0.4

0.2

0.2

1.4

0.8
0.6
0.4

0.2

0.2

0

0
0

5 0 10
15
20 5 25
30
Dist. from anode compartment (cm)

Initial
Model (180 d)

0

c) Ni

1.4
1.2

10

0

15

20

5
10
15
20
25
30
Sample
(cm) (cm)
Dist. from
anode length
compartment

Model (32 d)
Model (240 d)

Model (63 d)
EXP2 (63 d)

0
0

25
30 30
5
10
15
20
25
Dist. from anode compartment(cm)
Model (120 d)
EXP3 (120 d)

Figure 4. Model predictions and experimental profiles of Pb, Zn and Ni during electrokinetic remediation. Error bars
represent the error measured over three replicate samples

The simulated profiles are very close for Zn and Ni because both the model parameters defined in Table 1
and the parameters defined in the thermodynamic database were similar. Overall, the profiles are predicted with
good accuracy. An overestimation of the removal is observed in the regions close to the anode. This could be
due to metal bonding forms in the sediment. With reference to results of the heavy metal speciation in the
investigated sediment published in Iannelli et al. (2015), the residual fraction (less mobile fraction) is significant.
As a result, the metal concentration in the sediment could hardly be reduced to zero due to higher resilience of
this fraction to be affected by the acid front.
In Table 4, the observed and predicted removal percentages are compared. A higher removal is observed for
Pb compared to the other metals. This can also be interpreted as a consequence of the lower Pb associated to
the residual fraction compared to Zn and Ni. The observed removal rates for Pb are well predicted and it is
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estimated that a removal of 85.2% would be achieved applying the treatment for 240 days in the same
conditions. The removal of Ni is also well predicted but for Zn an overestimation is observed. This result has
been influenced by the high concentration measured near the cathode in the 63-day profile and the apparently
inconsistent concentration verified in the section close to the anode in which an increase of Zn is observed in the
120-day profile.
Table 4. Observed and predicted removal efficiencies (%)
EXP2 - 63 days
Observed Predicted

EXP3 - 120 days
Observed
Predicted

Model prediction
240 days

Pb

22.3

26.8

47.8

48.4

85.2

Ni

16.0

22.6

41.9

42.2

80.0

Zn

9.5

23.5

28.0

43.9

82.1

5. Conclusions
We implemented a mathematical model which simulates the transport of species and geochemical reactions
in a porous matrix under an applied electric field. We applied the model to simulate the electrokinetic extraction
of Pb, Ni and Zn from an heterogeneous harbour sediment characterized by high buffering and sorption
capacity. The model parameters were calibrated with laboratory batch and bench scale tests. The model runs
were compared to the outcome of laboratory electrokinetic tests carried out with different treatment durations
(32, 63 and 120 days). The experimental data and model predictions were found to be in good agreement. The
predicted pH and electroosmotic flow were very close to observed data. The predicted residual metal
concentration in the sediment were also close to experimental profiles for all of the investigated metals but an
overestimation of the removal was observed in the regions close to the anode, possibly due to a significant
amount of metals bound to the residual fraction. The predicted removal efficiencies were in very good
accordance with observed removal percentages for Pb and Ni and moderately overestimated for Zn. These
results encourage the use of the model and of the modelling approach as an engineering tool for prediction of
remediation efficiency for the design and practical implementation of electrokinetic technology at the field scale.
The possibility of using a limited number of investigations or simple tests, e.g. titration, for the determination of
the model parameters, is also considered an interesting feature especially for the practical applicability of the
model.
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