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Summary

The promising results obtain from laboratory and pilot-scale application of
electrokinetic transport to the delivery of amendments for groundwater remediation
are leading to an increasing interest for the techniques as a valid alternative to
hydraulic injection in porous media. The different transport mechanism for EK
leads to a better mixing with the pore solution, and thus the contaminant, and allow
to overcome the limitation posed by low-permeability areas, simultaneously
addressing the issue of back diffusion from the latter. A deeper understanding of
electrokinetic phenomena in complex geometries (higher than 1D) and scenarios
(heterogenous porous medium) is therefore pivotal for its efficient and effective
implementation in full-scale implementations. The present work aims to investigate
some of the complex mechanism involved in the EK transport of solutes, increasing
the current knowledge-base and providing tools and information for a more efficient
use of EK in groundwater remediation application.

Two-dimensional experiments were performed to investigate the influence of
charge interactions phenomena in homogenous permeable porous media. The use
of a full 2D geometry allowed to enable multidimensional transport components
and investigating their mechanism and impact on extent on mixing and reaction
kinetics toward a model pollutant. It was possible to show that the pore solution
composition controls the delivery, spatial distribution and mixing of the injected
amendments; reactivity experiments allowed to elucidate the impact on the reaction
rates and amendment efficiency. Important implications are drawn, of both
scientific and practical relevance; the gained knowledge on the mechanism and
effect of charge interactions opens to the possibility of employing such effect to
control and maximize the delivery efficiency. The process-based mathematical
model developed will provide an important tool to support the design of EK
implementation to improve the distribution of reactants and nutrients.



Experimental tests on the delivery and reactivity of amendments in low
permeability inclusion were performed in 1D geometry, to determine the impact of
charge interactions, determine the optimal parameter for the delivery and assess the
ability of the reactants to remove a model pollutant. The use of a buffer in the
electrode chamber allowed to prevent the plume stalling commonly associated to
EK delivery in low permeability porous medium; it was also possible to determine
an influence of the buffer ionic concentration on the migration velocity without any
modification in the potential gradient applied. Lastly, electrokinetic transport was
applied to the delivery of amendments in clay inclusions in a 2D geometry for which
hydraulic delivery proved unable to penetrate the low-permeability inclusion as
expected. For electrokinetic transport, the results of the previous experiments
played a fundamental role in defining the optimal conditions for the delivery.
Exploiting the multidimensional effect arising from charge interactions it was
possible to reduce the plume displacement and maximize its penetration in the clay
layer, whereas a non-optimized protocol showed significantly lower efficiency
(although still higher than advection-dispersion). The results obtained are very
promising in the application of EK for the remediation of groundwater in
heterogeneous aquifers, as it would be possible to improve the decontamination of
low-permeability area reducing the secondary contamination arising from back
diffusion.
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Chapter 1

Introduction

1.1 Motivations and thesis outline

Groundwater constitutes an important resource for human society, thanks to its
extensive distribution across the globe. It plays a pivotal role in hydrogeochemical
cycles and supports human activities, such as agriculture, by recharging the surface
streaming water bodies and providing a supply of water through extraction wells
[2]. Its dynamic connection with surface water and with the soil allows groundwater
exploitation [2, 3], but on the other hand leads to the contamination of the aquifer
determining the transport and spreading of the contaminant from its source, which
can be either above- or underground [3-5]. As a result of the lack of control on
human activities and groundwater exploitation in the past, we are currently facing
the need of groundwater remediation to preserve the exploitability of such resource
[2, 4]. A recent inventory estimates 20000 European sites and up to 355,000 sites
in the United States which requires remediation from contamination [6, 7]. Such
numbers do not include the whole world, and those sites classify as ‘potentially
polluted’, which means no sufficient data are available yet. It is therefore clear how
remediation technologies must be made affordable and versatile, to allow a rapid
deployment and decontamination so that the quality standard for human
consumption are met, also in the case of emergency implementation [7]. The
approaches to face a groundwater and subsoil contamination are many and evolved
during the years. A first distinction can be made between ex-situ and in-situ
techniques, the former requires the extraction of the groundwater from the aquifer
and an off-site treatment plant for the actual decontamination [8, 9], while the latter



allows the contaminant removal on the polluted site or even directly in the aquifer
[10-13]. From the literature comparing in-situ and ex-situ techniques it is evident
that both approaches present strengths and weaknesses, which are defined by the
specific characteristic of the polluted site and the pollution itself [9, 12]. At present
time, in-situ techniques are preferred over ex-sifu treatment [5, 9] (e.g., soil
washing, soil flushing, vitrification, thermal desorption) for many reasons, for
example they avoid the physical removal and transport of the pollutant, hence the
risk of exposing other environmental compartments to contamination (e.g., due to
spilling, volatilization, etc.) [5, 14]. Other advantages are related to an easier
implementation on sites which does not presents the topographic features required
by ex-situ methods, for example location in urban areas would require traffic, local
activities, and infrastructure disruption with significant impacts beyond the health
risk posed by pollutant handling in a populated area [5, 9, 14]. Such aspects far
outweigh the greater control over the process and faster decontamination of ex-situ
methods [8, 9, 12, 14], considering that the latter also requires a noticeable
technological effort for the installation of the treatment plant [9] or a disposal site
[14]. Among the different in-situ approaches, great attention has been devoted to
reactant delivery in the subsoil to target the contaminated area or, alternatively, to
create a reactive area on the pollution flow path to obtain a chemical
(dechlorination, reduction oxidation) or a physical (precipitation, adsorption)
removal of the contaminant [4, 5, 8, 9]. These techniques are based on the injection
of reactive solutes (e.g., reductants, oxidants) or reactive and sorptive nanomaterials
(e.g., nanometallic particles, graphene, nano-sized activated carbon) through wells
or boreholes which are then transported to the target zone by means of pressure
driven flow or the basal aquifer flow [4, 5, 9, 15]. It follows that, beside the material
reactivity towards the target pollutant, the success of the remediation depends on
an optimal injection and delivery to ensure good contact between reactant and
pollutant, maximization of the area of delivery and reactant efficiency. This is one
of the greatest issues that must be addressed in the design steps, since highly
heterogenous subsoil or the presence of low permeability layers can negatively and
significantly affect the remediation outcome when the hydraulic delivery (by
advection-dispersion) is employed [5, 7, 9, 16].

Relatively to in-situ remediation, the direct delivery of amendments is usually
obtained by exploiting wells and a combination of pressure driven flow and aquifer
basal flow to obtain a uniform distribution over the entire polluted area [5, 16, 17].
It follows, hydraulic conductivity of the subsoil plays a fundamental role in
determining the effectiveness and efficacy of the delivery, and therefore the choice



of the most suitable injection technology is pivotal in determining the remediation
outcome [7, 17]. The hydraulic conductivity of natural porous medium spans over
10 orders of magnitude and depends on the medium lithology and grain size [5, 18,
19]:
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Figure 1) Typical hydraulic conductivity for natural porous media with different lithology and grain size,
adapted from Sethi and Di Molfetta [5]

It must be pointed out that hydraulic conductivity (Ku) is a function of both
porous media properties (defining hydraulic permeability, ki) and fluid properties
(density p, dynamic viscosity 1 and gravitational acceleration g) [5, 18]:

Equation 1

The injection techniques can be classified based on the strategy to access the
aquifer and the pressure applied for the delivery of the reactant, as reported in [5,
9,13,17,20].

Table 1) Most common application conditions for Well and Direct Push injection

PRESSURE Well Injection Direct Push Injection
Low Yes Never
Medium Yes Yes
High Rare [21] Yes
GRANULOMETRY
Fine No Yes
Medium Yes Yes
Coarse Yes No




Low pressure injection (gravity-fed only if the hydraulic head created by the
remediating solution is applied) allows a uniform distribution of the amendments
but is suitable for homogenous subsoils with high hydraulic permeability only. The
presence of low permeability inclusions can lead to reduced delivery or even null
delivery in such areas, with a significant reduction of the remediation efficacy.
Moreover, due to the low flow (high residence time) and the high reactant
concentration in proximity of the well walls, clogging and fouling resulting from
geochemical or bacterial interactions can further reduce the injectability [13, 17,
20]. Lastly, the area affected by a single well (Area of Delivery, AoD) in low-
pressure injection is low, it follows that a high number of injection wells is required
with higher costs for the application [5, 13, 17]. Medium pressure injection from
wells aims at reducing some of these shortcomings; the higher pressure allows for
implementation in a wider range of subsoils and heterogeneous conditions but also
introduces additional costs and a careful design of the injection [9, 13, 20]. The use
of pumps and packers (inflatable seals) is implemented to seal a section of wells
and allow their pressurization; during the injection, the packers can be moved to
extend the injection height [5, 9, 13]. Lastly, Direct Push (DP) injection does not
use wells or boreholes, but hollow rods placed in the subsoil using an oleodynamic
mallet (e.g., GeoProbe®) [13, 17, 20]. Although DP injection is easier and cheaper
to implement (it does not require well excavation) it is unsuitable for very coarse
(cobble), very fine soil (silts) and for consolidate media. When medium or high
pressures are applied, either from wells or by DP, a careful design tailored to the
site characteristic (soil density, hydraulic conductivity, amendment fluid viscosity)
is required in order not to exceed the fracturing pressure of the porous matrix [5,
13, 20]. If fracturing occurs, new preferential flow paths are created in the porous
matrix with very high hydraulic permeability. As a consequence, the amendments
distribution is not uniform and unreactive zones are formed reducing the
remediation efficacy. In extreme cases the fracturing can extend to the surface
leading to daylighting of the injected substance and a loss of amendments [13, 17,
22]. Both effects nullify the greater Area of Delivery achievable by fracturing,
therefore for most in-situ remediation a careful design of the injection, specifically
tailored to the site, is required to define the optimal number and distribution of
injection points and the pressure applied to balance application costs and
remediation efficiency [5, 9, 13, 17, 20]. The low or null accessibility of low-
permeability formations in the aquifer represents a significant limitation for the
remediation process, as discussed in details by Kueper, et al. [23]. Considering a
contamination source, either above- or underground, the pollutant is initially
transported and distributed by the aquifer flow in the permeable portion of the



porous medium. With time, in the process of aging, the contaminant diffuses in the
low-permeability layers, creating secondary sources which operate by back
diffusion (Figure 2). It follows that the amendment delivery in the low-permeability
layers is of paramount importance for a successful remediation, otherwise other
approaches (e.g., multiple treatment trains, hydraulic barriers, PRBs) are required
to address the secondary sources, especially if short-lived reactants are used for the
remediation of the permeable zones.

Figure 2) Evolution of a dense non-aqueous contaminant (DNAPL) in the presence of low-permeability
layers showing the formation of secondary sources and contaminant backdiffusion; adapted from
Kueper, et al. [23]

As the sole increase of injection pressure to overcome advective delivery limits
is very likely to lead to fracturing or a flow bypass, in both cases the reactants are
not delivered efficiently or at all in the low permeability zones [10, 20, 22, 24]. The
principle of electrokinetics (now at the core of electrophoretic analytical
techniques) were brought to the attention of the scientific community by F. F. Reuss
[25, 26]; electrokinetic is now applied in many fields [27-30] including to soil
matrices so that the transport of species could be operated by an electric field [31,
32]. The initial studies and the formulation of the fundamental equation describing
the transport mechanisms were carried out in a single glass capillary; later authors



extended electrokinetics to sandy soil as it can be defined as a system of
interconnected capillaries [25, 26]. The first application of electrokinetics (EK) to
subsoil relates to their consolidation by electroosmotic dewatering [33-35], but soon
the potential of the technique was understood and studies on contaminant
mobilization and removal was approached in both permeable and low-permeable
soils [13, 36, 37]. In such studies, the objective was to achieve the extraction of the
contaminant from low-permeability areas and its transport to the electrodes, where
it can be removed by pumping or electrochemical reaction. The techniques, based
on coupling electroosmotic flow and electromigration, proved very efficient and
additives (surfactants, ligands) were used in combination with EK to improve the
contaminant extraction [36, 38-40] for both heavy metals [40, 41] and organic
pollutants [42]. In recent years, an increasing number of studies started to explore
the possibility to use EK transport to deliver amendments in substitution to
advective delivery [11, 43-45] since EK transport is independent from hydraulic
permeability [37, 46-48]. It was observed that EK delivery allows direct
amendments delivery (or contaminant extraction) in low permeability media in
short times, whereas in advective regime the delivery occurs by diffusion, and
longer times are required [5, 13]. Promising results were obtained in biological
remediation applications, where EK was used as a mean to improve the delivery of
nutrients and/or electron donors (e.g., lactate) [49, 50] or specialized bacteria strain
[50, 51] in low-permeability media.

To offer a comparison of hydraulic- and electrokinetic-driven delivery, three
factors should be considered:

e delivery itself, which is the ability to transport the amendment in the
desired portion of the aquifer.

e Mixing, which is used to identify the contact achieved between the
amendment and an ideal pollutant dispersed in the aquifer during the
delivery.

e Spreading, which is intended as the result of the transport and dispersion
of the amendment on the longitudinal and transversal direction.

Despite the complex relation of electrical conductivity with soil granulometry
and physical properties [52, 53] it is possible to estimate the transport rate for clayey
and sandy medium, representative of low and high hydraulic permeability
respectively [37, 54], reported in Figure 3. It is possible to notice that the hydraulic
gradient allows faster transport rates in permeable porous medium, but both



electroosmosis and electromigration are more performing in low-permeability
materials such as clays.
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Figure 3) Transport rates ranges estimated for hydraulic gradient and electrokinetic phenomena in clay
and sand porous media, adapted from Alshawabkeh [54]

When mixing is considered, the contact of amendments and contaminants is
pivotal for a successful remediation; in hydraulic-driven delivery the transport rate
for each chemical specie is determined by the effective fluid velocity (ve) and the
retardation factor [5, 18]. It follows that the mixing will occur only if the retardation
factor of the contaminant (Rc) is greater than the one of the amendments (Ra) (thus
the transport rate is higher for the amendment):

ve
vy ==
A= R,
ve
Ve = —
(o} RC

Equation 2

In addition, due to the transport of the amendment as a bulk volume and the
injection hydraulic displacement mixing is limited to the plume fringes and thus the
amount of amendment which enters in contact with the contaminant is significantly
lower that the injected quantity. For electrokinetic-driven delivery the charge of the
single specie contributes to both the transport rate and direction; three different
main scenarios can be identified and are reported in Table 2 for a simplified case of
a permeable porous medium (electroosmosis is neglectable):



Table 2) Mixing probability for different scenarios in electrokinetic delivery.

MIGRATION MIXING
SPECIES CHARGE DIRECTION
Opposed . . ..
Opposite Assured, high mixing

(Qa"/Qc 5 Qa7 QcY)
Contaminant only subject to

Neutral contaminant basal flow

Assured, good mixing

To be verified, function of

Equal charge Same charges and diffusivities

Qa: charge of the amendment ion responsible for the reaction
Qc: charge of the contaminant

In the case of an opposed charge sign between the amendment and the
contaminant the two migrates in opposite direction, therefore as long as the
amendment injection is performed correctly the contact between the two is assured;
neutral contaminants (e.g., NAPL) are only subject to the basal flow, it follows the
transport rate for the amendment is orders of magnitude greater and the mixing is
assured. Lastly, in the case amendment and contaminants carry the same charge
sign their mixing depends on the specific charge magnitude and diffusivities, which
contributes to determining the migration velocities of the single species. In the case
of low-permeability medium the effect of electroosmosis must be considered,
generally the mixing is assured in the case of opposed charge while a specific
evaluation is required for the other two cases. When electromigration dominates the
delivery the entirety of the injected amendment enters in contact with the
contaminant, as no fluid flow is involved, and thus a more efficient use of the
reactant is achieved.

The fundamental equation describing the electrokinetic transport are nowadays
well-established, and the fate of solutes and colloids in a porous matrix under an
external electric field can be easily predicted [46-48, 55, 56]. However, the
equations were obtained for simple geometries, generally a single cylindric glass
capillary [46, 57] or a homogeneous gel matrix [58] and controlled conditions.
Although these mathematical theories maintain their validity in a soil porous matrix
and have proved to correctly describe the electrokinetic phenomena [31, 36, 59, 60],
most laboratory scale application studies focus on a narrow range of conditions and
oversimplified geometries [38, 61-64]. The complexity of the system coupled with
the multiple transport phenomena at play and controlling variables calls for a more
structured approach to explore the effect of boundary conditions on the amendments
or contaminant transport. The data obtained can then be used to develop



mathematical tools or add to the wealth of knowledge on example cases, to support
the design of full-scale application of electrokinetic transport applied to
groundwater and/or subsoil remediation. The aim of this work is to increase the
delivery efficiency of amendments in both homogenous and heterogeneous porous
media, the latter addressing the problem of delivery in low-permeability inclusions.
To achieve an advancement towards an easier implementation of EK delivery, both
non-reactive and reactive scenarios were investigated in both one- and two-
dimensional geometry. Different scenarios were explored in lab-scale scenarios
simulating the delivery of oxidants and reducing agents commonly employed for
In-Situ Chemical Oxidation and In-Situ Chemical Reduction. Moreover, thanks to
a collaboration with the Denmark Technical University (DTU Environment,
Professor Massimo Rolle and PhD fellow Riccardo Sprocati) a mathematical model
(NP-Phreeqc-EK) was developed using COMSOL® to predict the fate of the
injected permanganate.

This thesis is divided in three sections, besides this Introduction; Chapter 2
discusses the theoretical background of electrokinetic transport in porous media,
the main phenomena, the relevant system variables, and the basis of the modelling
approach. Chapter 3 is dedicated to the investigation of the permanganate delivery
and distribution in a homogenous porous medium under different background
conditions, in order to explore the influence on the delivery area and efficiency. In
the second part of the chapter the experiments were repeated in a reactive regime
on a model pollutant to evidence the implications for a remediation application,
providing important evidence on mixing mechanisms during EK. The NP-Phreeqc-
EK mathematical model was applied to all the experimental results. Chapter 4
presents an investigation dedicated to the delivery of amendments in low-
permeability inclusions, for the optimization of the delivery process and to
demonstrate the ability of the amendment to effectively promote the degradation of
an immobilized model pollutant. A first set of experiments was performed in 1D
geometry to optimize and validate the potential of EK delivery for the degradation
of pollutants immobilized in the low-permeability layer, while in the second part of
the chapter the study is extended to a 2D geometry. Finally, the last chapter is
dedicated to summarizing all experimental findings and presents the implications
for full scale applications of EK delivery.



2.2 Aims of the study

The present study aims at increasing the knowledge-base on electrokinetic
transport of reactants for groundwater remediation, investigating some of the
unresolved and less explored aspects of the technique. Specifically:

* The effect of charge interactions on the transport, mixing and reactivity of
amendments in homogeneous porous media. The study is the first performed in a
full 2D geometry to explore the multidimensional transport (namely, longitudinal
and transversal), whereas previous studies were performed either in columns or 2D
experimental set-ups with an amendment injection on the entire cross-section (thus
masking multidimensional transport components). Important mechanism acting on
plume dispersion, migration velocity and mixing with the soil solution will be
examined in both conservative and reactive regime, drawing important conclusions
and implications for groundwater remediation applications. A mathematical model
was also developed and validated on the experimental data, proving an important
tool for the understanding of EK mechanisms [65].

* The mechanism of amendments delivery in low-permeability porous media,
normally inaccessible by hydraulic delivery. The study was performed in a one-
dimensional geometry to explore:

1) The ability of buffer recirculation in the electrode chambers to prevent the
stalling in the amendment delivery previously observed [66-68] and its
effect on the migration velocity and delivery in a clay inclusion within a
sandy medium.

2) The ability of EK-delivered amendment to maintain and explicit their
reactive properties in the low-permeability inclusion. This study was
performed on a dye (as model contaminant) to allow for a direct
visualization of the reaction development, hence avoiding complex sample
procedure from the clay layer that might alter the process. Both oxidative
and reductive amendments were delivered, identifying differences in the
process with relevant consequences for a full-scale application in
groundwater remediation.

* Based on the results of the previous experiments, a protocol was devised to
obtain the delivery of permanganate in a fully 2D set-up. Both the clay inclusion
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and the permanganate did not extend over the entire set-up cross section, allowing
for multidimensional transport effect, arising from both charge interactions and flux
balance (namely, electromigration and electroosmosis) to manifest. The
electrokinetic-assisted delivery was compared to a traditional hydraulic delivery in
a similar set-up geometry and experimental conditions. The evidence previously
collected proved fundamental in developing the optimal delivery strategy.
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Chapter 2

Electrokinetic = phenomena in
porous media

Electrokinetic (EK) processes occurring in a porous medium are affected by
manifold variables, depending on chemical-physical properties of the porous media
itself, the chemistry of the soil solution and the substance target for the transport.
Such complex system is strictly interconnected and also highly affected by the
electric field applied, and the subsequent modifications strongly affect the
electrokinetic transport. The detailed knowledge of such interactions and
mechanisms are essential to predict the fate of the amendment, specifically its
ability to be delivered and its capacity to mix and react with the contaminant, in the
design of an EK-assisted delivery.

In this chapter, the physical phenomena driven by the application of an electric
field to a saturated soil will be addressed, with focus on their governing variables
(e.g.  Zeta Potential, electrical mobility, and surface charge) and their
interconnection. The theory developed for electrokinetic analytical technique will
be discussed and adapted to natural porous media, in order to obtain the
fundamental equations to describe the single components of EK transport.
Following, the chemical processes at play, their effect on the EK advection and the
means to control them will be discussed. Finally, the theory of electrical-driven
advection will be presented, with the equation used to model the electrokinetic
transport.
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2.1 Overview on electrokinetic systems

Electrokinetic (EK) processes result from applying an electric direct current
(DC) to an electrolyte, hence creating a current density over the cross-sectional area
comprised between the electrodes. The mathematical theory for electrokinetic
transport has been initially developed mostly referred to electro-chromatographic
analytical techniques, where the electrodes are placed at the two ends of a single
capillary filled with an electrolyte solution [46, 55, 57]. In the case of electrokinetic
remediation, the porous matrix can be seen as a ‘bundle’ of capillaries, each of them
consisting in a pore channel that is saturated with the soil solution [36, 37]. Four
different phenomena will take place once a DC electric field is applied to the
system: a) electromigration b) electroosmosis c) electrophoresis c¢) electrolysis,
where the latter is a chemical phenomenon while the rest are physical phenomena.
All EK phenomena are affected by manifold variables, depending on chemical-
physical properties of the porous media itself, the chemistry of the soil solution, the
substance target for the transport and the electric field applied, along with the
subsequent modifications it causes. A detailed knowledge of the aquifer properties
then required to properly understand and predict EK transport, as these properties
determine whether a compound is effectively subject to an EK-induced transport,
the resulting mass flow, and its direction (namely, towards which electrode the
transport occurs). In order to proceed further in the discussion, a common
terminology must be defined, especially regarding the two electrode polarities. This
need arises from the different nomenclature criteria for cathode and anode, as well
as to define a common terminology for the relevant system variables [34, 69, 70].
From a chemical standpoint the definition of cathode and anode is univocal:
“reductions occur at the anode, consuming electrons; oxidations occur at the
cathode producing electrons” [71]. From an electrical standpoint, which is more
appropriate when describing a physic-based phenomenon, cathode and anode are
defined according to their polarity. Since cathode and anode hold a respective
polarity rather than absolute polarity the cathode can be either the positive or the
negative electrode, depending on the occurring process [34, 69, 70]. If the system
work as a galvanic cell, hence current is produced by spontaneous reduction-
oxidations (e.g. fuel cells), the cathode is the positive electrode [69]. In systems
where current is consumed to do a work, as is the case for EK, the cathode is the
negative electrode [34]. Therefore, in the case of electrokinetic transport, which
requires current consumption, the cathode is always the negative electrode [31, 37]
and current flows from the anode to the cathode as cationic flux, as by convention
[72].
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The simplest system is comprised of a conductive liquid medium, referred as
background electrolyte contained in a micro- or nano-channel and the sample to be
transported across the capillary. The power supply allows to set a potential
difference between cathode and anode; the resulting current obeys Ohm’s law,
where the resistivity is determined by the electrolyte conductivity. [36, 46, 48, 57,
73].
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Figure 4) Generic schematics for an electrokinetic system depicting the principal components of an

experimental set-up and the main electrical parameters.

In most soils the solid matrix is a poor conductor, therefore applying the most
generic definition of current, a charge flux, it follows that in a liquid electrolyte
conduction is carried by ions. [39, 74-77]. The electric field thus generated will
affect 1) the soil solution ii) the colloidal suspension in the soil solution iii) the soil
particles [37, 48, 73]. Three different physical phenomena arise from such
interactions: electromigration, electroosmosis, and electrophoresis which will
determine the transport fate of the sample. The net contribution of each of these
components is determined by soil mineralogy, porosity, tortuosity and soil solution,
composition and conductivity, [37]. Simultaneously, the soil solution and the
porous matrix are also affected by reduction-oxidation (redox) reactions [57, 78],
which occurs only at the electrode surface [64, 79, 80].
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2.2 Electric-driven physical phenomena in porous media

From a general standpoint, every physical phenomenon enabled by an electric
field occurring in a porous media is a response of a net charge in the media itself to
the polarity of the electric field [46-48, 57]. In a saturated porous media, two types
of charge can be identified:

e Jonic charge: due to the presence of the electrolyte the soil solution contains
dissolved ions, characterized by a point-charge proportional to the
elementary charge e and the ion valence z [46, 47, 57].

e Surface charge: solid particles hold a charge due to unbalanced bonds in
their edges structure, which is distributed on the solid surface [81-84]. For
a proper approach to EK, a distinction must be made among colloids
dispersed in the soil solution and the porous matrix. The former, being able
to move within the pore channels (although with size constraints) are
defined mobile charge [85, 86]. The soil matrix, unaffected by either
hydraulic or electrokinetic flow, is defined immobilized charge. This
difference will result in a significantly different EK behavior [57, 78, 82,
84, 87]

The ionic charge results in electromigration (EM), the direction of the
migration flux depends on the ionic charge, cations (positive ions) will move
towards the cathode while anions (negative ions) will move towards the anode [36,
37, 88]. The surface charge of the solid matrix results in electroosmosis (EO), often
defined as “the relative motion of a liquid to a spatially fixed charged surface”[57].
In other words, EO results in an advective flow towards the electrode with the same
polarity of the solid surface. The electrostatic driving force does not act directly on
the solid matrix, but to the ion gradient which is formed by the interactions with the
electrolyte [36, 46, 48, 73]. The surface charge of the colloids is responsible for
electrophoresis (EP); such phenomenon is similar to EM, as it acts directly on the
particle which bears the charge, but it is described by the same theory which applies
to EO [36, 46, 47, 89, 90]. Hydraulic flow and chemical diffusion can coexist with
EK transport; Darcy and Fick law can be used to accurately describe the respective
transport but a careful evaluation in the definition of the driving gradient is required.

In the following sections, the different phenomena will be discussed in detail
separately extending the electrophoretic theory to porous media. Once the
constitutive equation will be defined, we will proceed to a comprehensive approach
in order to define a general equation for a complex system where all the above-
mentioned processes occur.
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2.2.1 Electromigration

Electromigration (EM) refers to the motion of ions in the soil solution to the
electrode of opposed charge, due to electrostatic attraction created when a direct
current is applied [36, 37, 63, 91]. The mathematical approach considers ions as
point-charges (hence, with zero mass and not subject to frictional forces) immersed
in a homogeneous electrolyte [37, 92, 93]:
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Figure 5) Schematic representation of electromigration of ions immersed in an electric field. The
principal components of an experimental set-up are shown, with the migration behavior of anions and
cations.

The EM flux is a response to a potential gradient, therefore a Fickian approach
is applied to describe the electromigration flux for the i-th component over the
system cross-sectional area [36, 37, 91, 94]:

EM _ EM* .
]mi__ki 'Ci'v(pi

Equation 3

where Jn™™ (mol m™ s™) is the EM mass flux, k" indicates the effective ionic
mobility (m? s' V), ¢i the concentration of the j-th species (mol m™*) and V@ the
potential gradient (V m™'). When compared with a classic formulation of Fick’s law
of diffusion, the concentration gradient is replaced by the electric gradient and the
dependency from the diffusion coefficient persists, scaled by electrostatic
parameters as the ion valence. The migrational ionic mobility still lacks a defined
and unanimously accepted mathematical definition, its most used formulation
follows Nernst-Townsend-Einstein relation [37, 91]:
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Equation 4

where D;” is the effective diffusion coefficient (m? s™!), z; is the valence of the ion
including the charge polarity, F is Faraday constant (96485 C mol™), R is the ideal
gas constant (8.314 J K'! mol™!) and T is the absolute temperature (K) [37, 63, 84,
91]. Except at the nanoscale or considering a single linear capillary, the porous
matrix affects the migrational mobility. Differently from a free fluid, where
diffusion occurs along the shortest path, the porous medium introduces severe
limitations to particle trajectories [31, 37, 94]. Firstly, ions cannot move through
soil grains, but must travel around particles following the soil tortuosity; also, dead-
end pores will be mostly excluded from electromigration. As a consequence,
diffusion is expected to be slower than in free fluids, with direct effects on ionic
mobilities [84, 88]. For this reason, the effective diffusion coefficient is introduced,
many formulations are available with different levels of complexity. Some includes
viscosity and adsorption but the most relevant variables affecting diffusion in
porous media are geometrical parameters, specifically: fortuosity (t) [84, 94].
Tortuosity is a parameter used to account for the complexity of the channel matrix
in a porous material, in specific the fact that pathways can be significantly longer
than the straight path between two points in the media [95-97].
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Figure 6) on the left, straight (shortest) pathway in a capillary channel with negligible Brownian
dispersion; in the middle pathway lengthening introduced by the porous matrix, on the right schematic
representation of geometric tortuosity.

The general mathematical definition of tortuosity is straightforward: it can be
computed as the average pathway length (L) over the straight-line length (namely,
the shortest path) [96, 98]:

Equation 5
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Equation 6

Equation 6 implies that tortuosity increases with the reduction in porosity,
however the extent of the reduction in the available pathways strongly depends on
the considered phenomena different tortuosities are defined accordingly as
geometrical 1g, hydraulic 14, electrical 1. and diffusive 14 tortuosity [95, 96].
Usually, the values slightly differ to each other, and it is found as a general rule that
T, has the lower values as its path can cut through the streamlines of hydraulic,
electrical, or diffusive flow (Figure 6). Despite the presence of such variety of
parameters, the problem of using tortuosity lies in the confusion among tortuosity
and tortuosity coefficient or factor [95-98]. Focusing on geometrical tortuosity
only, from its mathematical definition the value of 1, is always expected higher than
one, since the soil grain obstructs the most direct path. The geometrical tortuosity
coefficient is defined as [96]:

Equation 7

hence Ty 1s always lower than one. When it comes to use tortuosity to define
the effective diffusion coefficient, we expect D* to be lower than D, as a longer path
will slow diffusion down. Therefore, two expression can be written, for tortuosity
and tortuosity coefficient [94, 99]:

1
- or Df=D;-T.
T

Equation 8

With this aspect in mind, we can proceed further expanding the mathematical
definition of the electromigration flux and velocity [31, 37]. In the first work on the
relationship between tortuosity and diffusion, the correct symbology is applied, and
the leftmost formulation of Equation 8 is used [95, 97]. With this aspect in mind,
we can proceed further expanding the mathematical definition of the
electromigration flux and velocity [36, 37, 91, 93]:
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Equation 9
F
vPM = ——Dr .z, - VD

Equation 10

From Equation 8 we can see how the electrolyte type and concentration plays
an important role, but also how the soil texture influences the system. Literature
data shows a greater significance of EM in coarse porous media (sand, gravel) than
in fine porous media (clays, silt - see also Figure 3) [36, 54]. However, a more
accurate approach must be taken regarding the migrational flux, since the potential
distribution may also be affected by the porous matrix [77, 100] in a way which
may compensate the reduction in the diffusion coefficient.

Mechanism of electromigration flow

As electromigration affects only the dissolved ions, the resulting transport is
significantly different from advection [36, 37] with relevant implication for
amendment reactivity in the field of remediation. In the advective scenario, the
entire injected volume is subject to transport, namely the dissolved ions and the
solution water; they move as a unit volume under the basal flow or an external
pressure (e.g. injection well) [5, 18]. During advective transport, only the plume
fringes interact with the surrounding pore solution and consequently are subject to
dilution, while the bulk of the injected volume maintains its initial concentration,
but it is not affected by mixing with the pore solution [5, 18, 19]. Electrokinetic
transport affects the single ionic species, which can be equivalated to point charges
(namely, with no mass): no frictional or viscous forces act on the transport and all
the ions are subject to the same electric gradient [92, 101]. Not accounting for
chemical diffusion and mechanical dispersion implies that the plume is not affected
by dilution at all and is completely mixed with the pore solution. This difference
from advective transport is remarkable, and leads to important implications for
remediation applications, where amendment concentration plays a fundamental role
in the reaction kinetics and efficiency. Firstly, the porous media permeability does
not affect the delivery of solute amendments, allowing the remediation of low
permeability layer such as clays and silts, otherwise inaccessible by advective
transport [45, 66]. Secondly, EM also affects the mixing dynamics of the
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amendment: since the transport involves only the ionic species, complete mixing of
the entire injected concentration is rapidly achieved instead of a progressive mixing
by diffusion and dispersion. It follows, the reaction kinetics are significantly
increased, thanks to a higher reactant concentration; a careful evaluation is required
in this regard as sometimes higher kinetics can result in a too fast consumption of
the reactant. Nonetheless, electromigration delivery presents interesting aspects and
potential in the field of environmental remediation of groundwater and subsoil for
which it can be preferred over hydraulic advection.

2.2.2 Electroosmosis

Electroosmosis (EO) is often defined as “the relative motion of a liquid to a
spatially fixed charged surface” [57] and plays a pivotal role in the electrokinetic
transport of solute and colloids. Following its definition, electroosmosis
phenomena always occur when an electric field is applied to an electrolyte in
contact with a fixed charged surface. The surface charge of the solid matrix induces
a rearrangement in the soil solution ion distribution, which leads to the formation
of an Electrical Double Layer (EDL) and a bulk electroneutral solution [57, 102].
Specifically, the conservation of electroneutrality leads to an accumulation of
counterions on the solid matrix to balance its surface charge. These ions are
normally subject to electromigration; due to the strong coulombic forces and
viscous effect [103], a drag force extends to the soil solution resulting in and
advective electroosmotic flow (EOF) [46, 48, 57]. The EOF direction depends on
the polarity of the charged surface, in more details EOF advection occurs towards
the electrode of same polarity as the soil matrix, or in other words the opposite
polarity of the EDL. It is very important to notice that given its nature EOF has a
direction which acts indiscriminately on both cations and anions in the bulk soil
solution, hence it will counteract electromigration and electrophoretic flux with the
same charge sign than the surface charge [46, 57]. EOF magnitude depends on
multiple parameters of both the solid surface, the pore solution, and the electric field
strength [36, 48, 57, 91], which will be discussed in detail later in this section.

To better understand the EDL and to simplify the approach to the problem we
need to address the nature of the surface charge, which arises from unbalanced
charge in a material; two different type of causes are identified [36, 48, 73, 84]:

e Atomic substitution in the crystal lattice, involving atoms with same ionic
size but different valence. It usually applies to silicates, where silicon atoms
are substituted with aluminum given the difference in valence Si* and AI**,
while isomorphic substitution is rare in oxides and non-silicate mineral in
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general [36, 84]. Since isomorphic substitution does not modify the crystal
lattice, a reduction of the cationic charge results in a net negative charge,
carried by an oxygen atom. Such charge is defined permanent, as it is
unreactive to pH equilibria.

e Non-bonded groups on the surface, which are always present in material
with finite dimensions. In most cases such groups are hydroxyl groups,
leading to a pH-sensitive charge, which can be positive, neutral, or negative
[83-86].

{bulk — Si — OH + H,0 = bulk — Si — 0~ + H;0%
bulk —Si — OH + HO™ = bulk — Si — 0~ + H,0 ’
bulk — Si — OH + H;0* = bulk — Si — HO} + H,0 ;

Reaction 1

e Adsorbed species, such as organic matter, can create a layer with a pH-
dependent surface charge. Such condition is common in real soils, but can
be neglected in laboratory experiments performed with clean sands [19,
84].

The surface charge is therefore strongly dependent on the material history, its
ratio of isomorphic substitution and its grain size which also affects the number of
hydroxyls effectively available for dissociation and their dissociation constant. We
then expect a different electrophoretic behavior for different type of sands and for
clay minerals [85, 104, 105].
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Figure 7) Effect of surface non-bonded hydroxyl groups and isomorphic substitution on the porous
matrix surface charge. A generic flat representation of the clay crystalline lattice is used.

The magnitude of the electroosmotic flow (EOF) is strongly dependent on the
EDL properties, which determine the charge distribution in the pore channels and
therefore the strength of the coulombic interactions [46, 48, 57]. The determination
of the charge distribution depends on the geometry of the double layer, which in
turns is affected by the surface charge and electrolyte properties. Two different
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mathematical theories have been developed to describe EOF in pore channels to
account for the EDL thickness. Specifically, whether the EDL thickness is smaller
or greater than the pore radius [48, 57, 106, 107]. In the former case, EOF is
unrelated to the pore radii and depends only on Zeta Potential and electrolyte
properties, in the latter EOF depends on pore radius and a different parameter must
be used for the EDL potential. The Electric Double Layer theory must be then
discussed in further details before introducing the constitutive equations for EOF
evaluation [36, 46, 57, 73].

Electric Double Layer theory and electroosmotic flow

Considering a solid matrix with a surface potential ¥~ (Volts) the formation of
the EDL is independent from the application of a direct current. Such surface charge
exerts an electrostatic force on the ionic electrolyte forcing an accumulation of
countercharge in the fluid close to the surface [55, 57, 104, 106]. In an ideal system
Helmholtz theory applies, which considers ions as point-charges. In this
approximation, a cationic monolayer is adsorbed on the solid surface with charge
¥ 'mono=F", hence the surface charge is completely balanced. Steric and coulombic
interactions of real systems lead to a defect in the monolayer charge, namely
¥ 'mono<¥". The most accepted theory to address this defect, which represents a
good compromise between complexity and accuracy, is the Stern model, which
unifies Helmholtz and Gouy-Chapman theories [19, 57, 92]. According to the
model three different layers are formed in the process [57, 106]: a) the Stern layer
b) the Gouy-Chapman layer c) the solution bulk [57, 108, 109]. The Stern layer, or
rigid layer, is formed at the solid-liquid interface by strong electrostatic attractions
acting on the dissolved ions of opposite charge with respect to the surface [46, 57,
73]. Such electrostatic force extends also to the hydration water and coupling with
frictional forces creates a stagnant layer impervious to advection [57, 106, 110].
The nature of the Stern layer can be addressed as a physical adsorption of an ionic
monolayer, it follows that the thickness of the Stern layer is usually within units of
Angstroms [55, 57, 106] and the surface charge cannot be fully balanced. The Stern
layer boundary with the Gouy-Chapman layer is called shear plane; within the
Stern layer the potential decrease linearly with distance [19, 55, 70, 110]. The
Gouy-Chapman layer, or outer diffusive layer is formed to balance the residual
surface charge; its potential decreases exponentially with distance from the surface
to eventually reach electroneutrality in the bulk solution [55, 70, 106, 109, 111,
112].
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Two scenarios can be identified, the first is defined ‘thin EDL’ and implies that
electroneutrality is reached in the bulk solution, the other is defined ‘thick EDL’
and refers to those cases where the solution ionic composition is unable to balance
the surface charge in the pore volume [19, 57, 82, 92]. The flow velocity depends
on the diffuse double layer potential, however coulombic, viscous, and frictional
forces within the EDL have also relevant effects [57, 113-115]. A detailed analysis
of such phenomena is beyond the scope of the present work, but it is an important
concept in understanding the velocity flow profile is the viscoelectric effect, namely
an increase in viscosity with increase in the potential y [115, 116].
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Figure 8) Schematic representation of the charge distribution and potential variation in the pore solution
for an electrolyte in contact with a charged surface according to the EDL theory

The EDL theory defines a null velocity in the Stern layer and at the shear plane,
whereas in the Guy-Chapman layer velocity increases with distance to the surface
as y decreases according to the LPB equation. In the case of the “thin EDL” the
bulk solution is electroneutral, such coulombic and viscous forces reduces and a
velocity v=vmax 1s reached. The resulting flat flow profile, in contrast with the
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parabolic profile for hydraulic flow, reduces the dispersion during the electrokinetic
transport. Such effect is of great relevance in case of reactive transport of
amendments, as a reduced dispersion will result in higher local concentration and
in higher kinetics rates [48, 57, 113, 115, 116]. In the “thick EDL” case, the
viscoelectric effect extends in the whole pore radius and no bulk electroneutral
solution can be identified. Consequently, the curvature in the velocity profile also
extends over the pore diameter and the velocity at the center of the capillary is
usually smaller than v The resulting flow profile is parabolic, as for hydraulic
flow, and the transport is subject to a higher dispersion and diffusion affecting
reaction kinetics as mentioned above [46, 48, 57].

.

Figure 9) Flow profiles for a “thin EDL” scenario (green line), resulting in a flat flow profile, and for a
“thick EDL” or hydraulic flow scenario (red line), resulting in a parabolic flow profile.

Approaching the EDL formation in soils, the system allows some relevant
approximations. Given the soil mineralogy, Zeta Potential varies with pH and ionic
strength [82, 84, 85, 104, 117] but in most cases the silicate phase is predominant,
and except for quartz all silicates exhibit a negative surface potential. There are
many literature works comparing experimental and computed data which support
such approximation, which allows to define a common phenomenology of EO [81,
82,112, 117, 118]. In all cases the flow will occur, it will move from the anode to
the cathode; the flow magnitude depends on pH and will reach a maximum value
at alkaline pH, while it will be close to negligible for acidic pH. The exact extent
will remain a function of both soil properties, in terms of response to pH and ionic
strength shielding of the surface charge, and electrolyte properties such as ionic
strength [48, 57, 73].
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When the “thin EDL” assumption is valid, and pore size does not affect the
velocity profile, the electroosmotic flow is then described by the Helmholtz—
Smoluchowski equation, which defines an electroosmotic velocity (vEC) resulting
from the application of an electric field [46, 48, 57, 59, 111]:

g-
vE0 = ¢ VO |
a-mn

Equation 11

where e represents the solution permittivity (C V"' m™), { the Zeta Potential (V),
5 the fluid viscosity (kg m™! s1), V® the electric gradient (V m™') and the constant
a is used to account for the particle size with respect to the channel size (/p, pore
throat in the case of porous medium). In the case of larger particles a=4, while for
small colloidal particles 0=6; in the case of a solid porous matrix a value of 0=4 is
found to be more appropriate [46, 48, 57].
e
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Figure 10) Electroosmotic flow dynamics in a negatively charged porous media, representative of a
natural soil pore channel under application of a direct current.

From the electroosmotic velocity the electroosmotic permeability (kE©) is
derived [46, 48, 57,73, 91]:

L S
At-a-n ’

Equation 12
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When the Helmholtz—Smoluchowski assumption fails for small pore radii,
Schmid [119] introduced an alternative formulation for the electroosmotic
permeability accounting for the pore radius and the volumetric charge distribution
in the pore solution [19, 48, 119]. Although the model can be applied easily to
homogeneous porous media, in the case of inclusions either an average value of R
is used, or a set of N equations must be defined where N equals the number of solid
phases in the system. Therefore, the most common approach is to apply the thin
EDL approximation; such approach is supported by many literature works and
allows an easier modeling approach maintaining good accuracy [35, 120, 121]. In
both cases, the volumetric electroosmotic flow (qF°) in a single capillary can be
expressed as [19, 48, 57]:

EO _
q = Ai ’ kEO Vo,
Equation 13

where A; is the capillary cross-sectional area. To extend the equation to a
porous medium, each pore channel can be assimilated to a single capillary, and
therefore the total capillary cross-section (namely A=XA;) can be approximated as
the product of the cross-sectional area of the matrix At and the medium porosity
[19, 48, 57]. The overall volumetric osmotic flow for a porous matrix is then defined
as:

qEO :n’AT’kEo‘VCD .
Equation 14

Contrarily to EM, electroosmosis is predominant in fine porous media due to
their higher surface charge compared to coarser materials [36, 37, 48]. It is also
important to notice that EOF is associated with a hydraulic flow and a water
displacement from the anodic to the catodic side of the system [34, 36, 121]. In
time, if the hydraulic gradient is not counterbalanced by a pumping system, the
Darcian flow will equal the electroosmotic flow and the system will reach a steady
state. After such point, transport will be related to electromigration (and, eventually,
electrophoresis) only [36, 122].
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2.2.3 Electrophoresis

The phenomenon of electrophoresis (EP) consists in the transport of charged
colloids or large molecules dispersed in the soil solution. The physic of the
phenomenon contains elements of EM and EO, as the transport involves charged
particles, which are no longer point-charges as ions, but their charge arises from
their surrounding EDL [36, 46, 57, 123, 124].

Power supply
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Figure 11) Representation of electrophoresis for a positively charged colloidal particle. Charge signs and
electrophoretic flux direction are reversed for a negatively charged colloid. The electrophoretic flow is
directed towards the cathode, as from the EDL theory the adsorbed charge can not balance the colloid
surface charge.

The advection force is determined by the surface charge of the colloid particles
(Cnps), but since they are not point charges like ions (which means, a particle size r
is defined), a frictional resistance is opposed by the fluid [46, 47, 57] As for EO,
also in the case of electrophoresis the Helmholtz—Smoluchowski approximation
allows a good and accurate description of the mobility in both ideal and real porous
media [35, 36, 121] and the electrophoretic mobility is defined as follows:

EP _ (NPS,:
' 6m-n-1;

Equation 15

Since the present works focuses on the transport of solutes, a further in-depth
discussion would be excessive and without feedbacks from the experimental
activity.
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2.2.4 Total electrokinetic flow

In the most generic system containing a background electrolyte and a charged
sample both electroosmosis and either electromigration (for soluble ions) or
electrophoresis (for colloids) occur simultaneously [46]. Since the surface
chemistry of most soils results in a negative surface charge, the electroosmotic flow
will have cathodic direction. Contrarily, electromigration and electrophoresis
depend on the charge of the ion, or the particle, constituting the injected sample.
The overall effect depends on the reciprocal strength of EO and EM (or EP), and
consequently from the species concentration and mobilities, as well as from
geometrical and chemical parameter of the solid matrix [46, 57]. To consider the
total flux two approaches are suggested. The first is preferred for analytical
techniques (electro-chromatography) and consists in computing an effective
electrokinetic mobility (k®¥ops) for cations and anions respectively, as [46]:

EP|+
EK| 1t _ 1 EO i
kObSi _k + kEM|+’
i
kEPl_
EK |~ _ i
kobsi _kEO_ kEMl_'
i

Equation 16

A different approach is suggested for electrokinetic transport in porous media
[31, 125, 126], which considers the electroosmotic flow as an advective component
of the total flux equation, namely the Nernst-Plank-Poisson equation that will be
discussed in the last section of this chapter. Both approaches are equally valid, for
a more general approach the latter is to be preferred as it allows a simultaneous
evaluation of the water displacement and of the electroosmotic hydraulic gradient.
Assuming the study case is referred to a negatively charged capillary wall, as in the
case of most silicate-based materials [85, 112, 117] Figure 12 depicts the different
flow components.
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Figure 12) Schematic description of electroadvective forces acting (from left to right) on neutral,
positively, and negatively charged species in a porous media subject to an electric gradient. The arrow
length is not a measure of the single flux components magnitude.

Migration of cations will be sped up, while migration of anions will be slowed
down, completely stopped or in extreme cases inverted in direction when
electroosmosis prevails [46, 47, 57]; non-charged particles are usually transported
by electroosmosis only, except when polarization effects occur [127, 128]. The
system evolution also plays an important role: excluding variations in the EDL
thickness and electromigration can result in local variation in ionic strength while
pH variation can arise due to an unbalanced electrolysis. Both these parameters
contribute to the definition of the Zeta Potential and thus to the magnitude of EOF,
significant variations in solutes and colloids transport over time were observed in
experimental works [66, 67, 80, 129].

2.2.5 Complex conductivity in porous media

For all the electrokinetic transport phenomena the driving force is the electric
potential gradient, therefore its distribution in the porous media is of paramount
importance in the prediction and modeling of EK applications. Since the soil porous
matrix is non-conductive the electrical conductivity is ascribed to the soil solution
only. However, in the same way we defined effective diffusion coefficient due to
the presence of the porous matrix, an effective conductivity must be defined for an
accurate description of the system [74, 100, 130]. The soil solutions affect ionic
strength, hence conductivity, and ion composition, relevant for cationic/anionic
exchange; the porous medium structure defines a) the fluid volumetric
concentration (porosity) b) the conductive path, both in terms of length (tortuosity)
and accessibility (cementation) since no conduction occurs in dead-end pores c)
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surface chemistry (cation/anion exchange) [130]. These matrix properties are used
to adjust the reference value for conductivity, provided by the electric conductivity
for the free fluid. The most general equation, referred to clean sands, was developed
by Archie [100] in terms of resistivity p:

peffzpw.n_m - O-effzo-w.n_m ;

Equation 17

which implies the effective conductivity o is proportional to the solution
conductivity oy scaled down by a form factor n™. The terms n is the soil porosity
[74, 100, 130], while the terms m is defined cementation and increases when the
fraction of disconnected pores increases. Such trend of the value of m is supported
by the fact that all the water in dead-end pores do not participate in conducting the
applied current [75]. Despite its simplicity, Archie’s law has been developed
considering a narrow range of soil types and fails to predict the conductivity for
clayey soils [75, 131, 132]. To overcome such shorting of Archie’s approach some
empirical models have been suggested [75], but such approach is very limited for
modeling purposes. Different theoretical models that approach the problem from an
electrical standpoint have been presented [74, 75, 130]. The system is represented
in terms of connected resistors, where the solid matrix, the exchange ions and the
bulk solution are addressed separately [74]. The most widely accepted model was
proposed by Waxman and Smits [77] and considers two resistors in parallel, one
describing the bulk solution and one the exchanged ions on the clay surface [74,
77]. The formulation of the total conductivity derives from the work of Wyllie and
Southwick [1] and states:

o/ =X-0,+Y 0, ,
Equation 18

where o; refers to the CEC, ow to the bulk solution, the geometrical factors X
and Y cannot be defined independently from the specific porous medium, hence the
model is of difficult implementation. A more advanced model based on the ionic
distribution in the Stern and diffuse layer has been suggested by Revil et.al. [133,
134]. The model is developed as follows:
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Ocff = 04 +0_

Equation 19

tiy-o " tiy o "
) " 9r ) " 9r
O'i_zt{i).o'f.(pm. 1_f— .<1_—> ,

Equation 20

where the symbol + in subscript indicates that the terms could refer to both a
cation and an anion. In such model [133]:

o the current fraction transported by the electrolyte is defined by the “Hittorf
transport numbers” ¢/ proportional to the specific ionic mobilities.

e The parameter ¢ indicates the effective conductivity, divided in cationic o+
and anionic . conductivity; orrefers to the pore fluid conductivity and o to
the surface conductivity. The latter is related to the surface specific
conductance Xs and the grain size R:

23,
o, =— ;
Ty

Equation 21

e The definitions of the geometrical factor ¢ and the cementation exponent m
follow the previous models [74, 100, 130].

While a correct definition of effective conductivity is required for
hydrogeophysics applications, such as determination of the formation factor or the
study of microscale phenomena where the dependence from the porous matrix is
more relevant, in the case of a macroscopic approach to electrokinetic delivery of
solutes or colloids the need of a model depends on a case-by-case scenario. In
homogenous sandy porous medium the use of the soil solution conductivity can
suffice, allowing for a good mathematical description of the system. In the case of
heterogeneous porous medium the differences between the porous media are more
relevant, however a rigorous approach such as the one proposed by Revil, et al. [53]
involves the experimental determination of the zeta potential in bulk conditions and
of the Hittorf transference numbers. Dependency from soil solution composition,
sandy porous medium, clay water content and compaction affect the relevant
variables and would increase the complexity of the study. In the present work, a
qualitative approach is applied to the study of electrokinetic delivery in
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heterogeneous porous media to highlight the potential of electrokinetic delivery in
the remediation of low-permeability layers.

2.3 Electric-driven chemical phenomena in porous media

The presence of a source of direct current in a liquid system during
electroadvection leads to the occurrence of reduction-oxidation reactions (redox).
Such reactions involve electrons transfer from a donor (reductant) to an acceptor
(oxidant) and can be divided in half-reactions, where electrons are among the
products and the reactants, respectively.

Red - P; + ne~ +
Ox+ne —-P, =
Red + Ox - P, + P,

Reaction 2

The product P; is the coupled oxidant specie for the reductant, while the product
P> is the coupled reducing specie for the oxidant. In a natural system a reduction
must be coupled with an oxidation to allow the electron transfer and the occurrence
of half-reactions is regulated by their thermodynamic spontaneity, defined by their
standard potentials £y [71]. In the case of galvanic or electrolysis cells, the
electrodes participate to the process in Reaction 2 donating or sequestrating
electrons, hence the two reactions occur spatially separated in the two electrode
chambers and only at the electrode surface and most of the porous matrix is exempt
from electric-driven redox reactions. An exception, of rare occurrence, is found
when the porous media in contact with the electrode is comprised or coated with a
high conductive material, such as metal nanoparticles. In such case a diffuse
electrode is formed, extending the surface available for electrochemical reactions
[37, 71, 135]. Although secondary reactions involving metal ions and chlorine can
occur, electrolysis is the predominant redox process in the early stages (days) of EK
applications [37, 64, 71, 135]. Electrolysis is a reaction system composed of two
half reactions [37, 48, 64, 71, 135]:
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anode 2H,0 —4e” - 05 +4HT E,=-1229V ,

Reaction 3

cathode 2H,0 + 2e~ - H; + 2HO~ E,=—-0.828V

Reaction 4

The two reactions occur with respective rates which lead to an equal molar
production of H" and HO", so electroneutrality is maintained. This is evident, as
although spatially separated the two half reactions are part of a single redox process
which reduces to the water splitting reaction operated by a direct current / [71]:

1
2H,0 - 05 + 2Hj .

Reaction 5

Power supply

gases

J +
O, +4H" ===

gases
2H+2HO=2H,0 1

<= 2HO'+H,

Anode (+) Cathode (-)

Figure 13) Schematic representation of electrolysis in water coupled with electromigration and
neutralization of the acid and alkaline fronts.
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During electrolysis global electroneutrality is maintained [101, 136], but as a
result of the pH modification in the electrode chambers, two electromigration fluxes
are generated. An alkaline and an acid advection flow fronts are formed, which
move in opposite direction with a velocity proportional to the electrokinetic
effective mobility, which must account for EOF when such process is relevant [37,
48, 64, 80, 135]. Two main consequences can be identified: a modification of the
porous matrix and a modification of the soil solution. As the two fronts move in the
porous matrix, their pH modifies the dissociation state of the silicate hydroxyls
groups responsible for the surface charge [37, 48, 64]. Consequently, the Zeta
Potential varies in the model: behind the alkaline front Si-O groups will increase in
number due to deprotonation of Si-OH; behind the acidic front Si-O groups will
decrease in number due to their protonation to Si-OH; very rarely Si-OH>" groups
are formed in natural soils or clays [85, 117, 137, 138]. The noticeable effect is a
variation in the electroosmotic flow rate, in the acidic zone EO is suppressed while
in the alkaline zone EO is magnified. Also, each advancing front represents a zone
presenting an excess charge with different composition [37, 48, 71, 139]: all the
electrokinetic mobilities (EM, EO, EP) will be affected by the two pH fronts, and
different transport regimes will develop in the porous matrix, changing their zone
of influence with time [48, 64, 80, 135]. The production of gaseous species —
hydrogen and oxygen — does occur only on the electrode surface [37, 47, 57], hence
if the electrodes are installed directly in the porous matrix, the gases will build up
and progressively desaturate their surroundings. After a certain time, all EK
phenomena will stop since the gas layer will insulate the electrode and open the
circuit; if a hydraulic flow is present the gases bubbles will also be transported in
the porous media, extending the desaturation with consequences not only on EK,
but also on the partition and oxidation state of the porous matrix and the
contaminants (e.g., NAPL volatilization, heavy metal oxidation or reduction). For
these reasons it is common practice to place electrodes in wells or boreholes, which
allow both gas venting and the control of pH by adding acid and/or base or
recirculating a buffer solution [80, 140].

Lastly, secondary reactions are more likely to occur in complex systems
(natural soils in field application of EK), where metal ions can be precipitated or
transformed at the cathode, also if chloride salts (e.g., NaCl) are present, for
example as electrolytes or tracers in experimental set-ups, chlorine gas is produced
at the anode [37, 140]:
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M™ + ne- - M,

Reaction 6
M(OH), + ne” » M® +nHO™ ,
Reaction 7
2Cl- —2e~ > Cl5 ,
Reaction 8

Such reactions will induce local changes in the soil solution, and a local
variation in the conductivity of the porous matrix. In the most extreme case, a
relevant iron precipitation on soil grains could create a conductive layer that leads
to an diffuse electrode, modifying geometry, surface area, extending the area where
electrochemical reactions can occur [141]. However, given the most common
electrode geometry involves placing them in a well or piezometer conditioned with
the buffer solution, such effect is expected to be negligible.

A second relevant consequence of electrical-driven redox involves the charge
density flowing in the system. When a current is applied to an unaltered system,
electrolysis consumes electrons with rate depending on:

e Mass transfer from the bulk solution to the electrodes.
e (as venting, which reduces their partial pressures and shifts the electrolysis
reaction equilibrium towards the products.

At the same time, the faradic reactions, electrode polarization and overpotential
modifies the potential drop across the electrodes. In an oversimplified notation [29,
62, 142]:

EWwP = ¢SS + E* |
Equation 22

where E*P is the potential set by the power supply, E” is the global term for the
potential losses and E°T is the actual potential drop across the capillary [29].
However, modern power supplies can operate by imposing a constraint on either
current or voltage to maintain the other parameter at the desired value. Choosing
the operative mode is subjective and depends on the specific application of EK.
Working at constant current allows to reduce Joule heating and to define a constant
rate for the electrochemical reaction, which simplifies an eventual neutralization of
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the acid/alkaline species at the electrodes [62, 64, 136, 140]. However, a proper
electrokinetic approach would require constant voltage conditions, since the
potential drop across the system is the driving force for all EK transport phenomena
[37,43, 142, 143]. Undoubtedly, due to concentration gradients and soil inclusions,
local variations in the current distribution will also determine local potential
distortion. Nevertheless, using the potential as boundary condition instead of the
current allows a more accurate and formally correct modeling. Introducing
electrolytic reactions in the modeling of EK phenomena is very complex, since as
opposed to chemical reactions in the porous matrix, they depend on multiple
interconnected factors.

2.4 Modeling electrokinetic transport

The equations described in the previous sections for each electrokinetic
phenomenon are referred to ideal systems and are in most cases referred to
analytical techniques, where the system conditions are precisely controlled by the
user and simplified approaches are applied. In the case of electrokinetic remediation
and transport, the mass flux of the sample depends upon multiple factors and flux
components [31, 92, 125, 126, 136]. As the system must abide Ohm’s law, all
migration mechanisms — advection-dispersion, EM, EP, EO — will alter the system,
influencing the principal variables regulating electroadvection [31, 101, 125, 126,
136]; electrochemical reactions are also affecting the principal system variables.

A global approach to the different flow components (namely hydraulic
advection, Fickian diffusion, electroosmosis, electromigration, and electrophoresis)
[31, 125, 126] is then required to account for all contributions to the system
evolution. The mathematical laws describing each phenomenon still holds, however
other boundary conditions must be set to understand how each component affects
the relevant variables and the other advective and diffusion phenomena [31, 101,
144]. Despite many models have been developed [31, 55, 144], most of them are
based on heavy assumptions and neglect some components relevant for the overall
phenomenon, resulting in a reduced ability to describe the system and helping in its
understanding [31, 55, 126]. A more generic approach that allows a more accurate
description is a coupled modeling, using the appropriate equations to describe
separately all relevant processes and implementing a feedback system to exchange
information between each block to output a global effect on the system [101, 125,
126, 136, 145]. The model complexity can be identified in two areas: number of
chemical components and species concentration. The latter is responsible for higher
degrees of interaction between the different chemical species, especially due to
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coulombic forces, which are negligible in diluted systems. The former is
responsible of an increased number of interactions, which requires a set of equations
for each component [92, 101]. To obtain a model with good descriptive abilities,
the first approach is relative to the simplest system, comprised of a diluted
component; once the fundamental equations and boundaries conditions are set, the
complexity will be increased to concentrated electrolytes [31, 92, 101].

2.4.1 General coupled approach

For a non-reactive single component system the basic boundary condition is the
law of mass conservation, referred to a control volume [92, 101], however in a
multicomponent system we must carefully define the concept of fluid velocity. The
average fluid velocity is composed of the single species velocities [92], and
chemical reactions cannot be neglected. However, if the mass balance is valid for
the whole system, the sum of the chemical rates for all present species equals to
zero (which means, no matter is created or destroyed).

For a fluid containing charged species, the transport of the single ionic species
must be considered besides the bulk fluid. Hence, a detailed description of an
electrokinetic system must comprise 1) fluid mechanics; 2) mass balance: 3)
transport of charged species; 4) current flow description; 5) charge balance
(electroneutrality) [92, 101, 125, 126]. From the system complexity we can derive
that the i-th specie velocity may differ from the average fluid velocity, due to
concentration gradient (diffusion effects), difference in fluid density and charge
density. Each specie, due to its unique set of physicochemical properties will be
subject to different forces and present different velocities [92]. However, in absence
of external forces except from the bulk flow, each specie will be transported
according to the advective flux:

_ JADV _
Ji=Ji7" =cu

Equation 23

All other transport phenomena (generic flux J;’) occur with respect to the
advective flux, therefore the single component velocity will add, as a vector
quantity, to the bulk velocity. A generic i-th component with a velocity v; will
modify the total flux as follows [92]:
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Tot _ jADV I !
i i +]l Cl -V _.|_ Cl . (171 j— 17) ,
Equation 24

where vi’ indicates the i-th specie velocity with respect to the average bulk velocity
v, and is usually defined drift velocity [92]. To proceed further in the model
development, let us define a specific physical phenomenon instead of a generic J;’
and let us consider diffusion, which is generated by concentration gradients and for
diluted system described by Fick’s law [92, 101, 126]. Since we are considering
porous media, we must remember to use the effective diffusion coefficient
corrected by porosity and tortuosity [94, 95].

DIFF _ _p* .,
i =-=D; -V¢; .

Equation 25

Hence, for a hydraulic flow with diffusion Equation 24 becomes:

TOT __ *
i =¢rv—D; Vg .

Equation 26

When system components are subject to an external force, F**', which effects

extent varies for each chemical specie composing the system, in the most general
approach the velocity for the i-¢h specie is defined as [92]:

r_ act
v, =w;F ,

Equation 27

where o indicates the mobility of the specie, namely the resulting velocity with
respect to the applied force (N! s™). The mobility term o is determined by the
specific phenomenon that is being considered; in the case of electromigration we
already discussed the Nernst-Einstein-Townsend equation; considering the
definition of the electric force (F*t = F¢ = —z; - e - V®) which leads to [31, 92,
125, 126]:

Zi.ci.e.ka

TOT i
1 VD .
k,T

—_ *
i =¢v—D; V¢ —

Equation 28
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Equation 28 with ionic mobility in its implicit notation, describes the total ionic
flux and it is named Nernst-Plank equation [92, 125, 126, 144]:

T = ¢;-v—D; Ve, —kEM . ¢; - VO .
Equation 29

We can now recall the law of mass conservation for a system at its steady state
and in the absence of chemical reactions the mass conservation, and then combine
the mass balance with the Nernst-Plank equation also including the reactivity term,
obtaining [31, 92, 125, 126, 144]:

v-Jji°=0,
Equation 30
2.4.2 Current density during transport

For a system subject to an external current, which is carried by an ionic flux,
the current density is defined by the total ionic flow [31, 92, 101]:

i=F-%z-J/°"

Equation 31

Combined with the total molar flux the current is defined by advection,
diffusion and electromigration, and for an electroneutral solution the advective flow

(bulk flow of an already electroneutral volume unit) does not contribute to the ion
flux, since [92, 101]:

. * FZ *
i =F- Yz —YD;zVc; — ﬁz z£Dic;)

Equation 32

Zzi-ci=0 .

Equation 33

If the electrolyte has homogeneous composition, hence there are no
concentration gradients, the only contribute to current density is given by
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electromigration (Equation 34), and the system abides Ohm’s law (Equation 35)
expressed in conductance terms [92, 101] :

i=—g(ZZiZ-Di*-ci)-VCD ,

Equation 34

i=—0-VP .
Equation 35

Combining Equation 34 and Equation 35 we obtain the Nernst-Einstein
definition of conductance for the bulk solution (not accounting for eventual
modifications caused by the porous matrix) [92, 101]:

FZ
O-:ﬁzziz'Di'ci-

Equation 36

Due to the conservation of charge and mass, assuming homogeneous reactions
we obtain, for the totality of species [92]:

Equation 37

If no time-dependent electric field is applied to the system, no displacement
current is observed, and all current density is carried by the ion flux. The steady-
state definition of charge conservation (Vi = 0) can be used to draw important
conclusions on the physics of an electrokinetic process [92]. If we examine
Equation 34 expanding the ionic mobility term:

iz—g—; -[Zziz-Di*-ci]-VCD ;

Equation 38
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in the ideal case, for a binary electrolyte A'B™ assuming identical ionic diffusion
coefficients for anion and cation, we can define the conductivity with respect to the
bulk molar concentration cCu:

Equation 39

In this situation, electromigration of cations and anions will proceed at the same
rate, maintaining electroneutrality and without the formation of concentration
gradients [92, 101]. In a real case scenario, however, the abovementioned case is
very unlikely. In most situations ionic diffusion coefficient varies from anion to
cation, in the range of 0.3-9.5%10” (m? s!) with the highest values for H" and HO-
[92, 94, 101]. In these circumstances the migration will proceed with different rates
depending on the specific Di’; the same effect can be addressed considering the
single contributes to the current flux. Each chemical specie is characterized with a
transference number:

_F-zi-Ji

: i

Equation 40

In the simplest system with no concentration gradients and no hydraulic
advection Ji is due to electromigration only, hence it depends on the ionic mobility
and therefore on the diffusion coefficients [92, 101, 136]. These differences would
lead to different cationic and anionic fluxes, with a consequent concentration
gradient. Therefore, the system reacts with a diffusive flux which opposes such
gradients while they develop [92, 101]:

MG = —JPIFF s _F .z, -uy ¢y - VO =Dy - Vey

Equation 41

In a non-reactive system at steady state, diffusion counterbalance ionic
migration, specifically it slows down ions with a high transference number and
speed up ions with a low transference number, so electroneutrality and
homogeneous concentration are maintained [101, 145]. For a binary electrolyte
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composed of ‘n’ cations and ‘m’ anions the concentration to satisfy the charge
balance is defined as scaled concentration ‘C’ [92, 101]:

Equation 42

The material balance for a generic specie (cation or anion) in a non-reactive
system, abiding electroneutrality and subject to incompressible flow is defined by
Equation 43 and leads to the definition of a zero balance for the electrolyte in its
entirety (Equation 41):

ac
§+u-Vc=zJ_r-wi-FV-(cVCD)+DJ_r-V2c ;

Equation 43
(zyw; — 24 )FV - (cVE) + (D, — D_)V?c =0 ;

Equation 44

therefore we can write Equation 43 and define a complex diffusion coefficient (not
to be confused with the effective coefficient arising from porosity and tortuosity)
[92, 101]:

Zyw,D_—2z_w_D,

!

ZiWy —Z_Ww_

Equation 45
If we expand the ionic mobility we obtain [92]:
D’ _ (Z+ - Z_)D+D_

Equation 46

Also, in the absence of external current and advection we obtain a mathematical
relationship which tells us that concentration gradients are associated with a current
that does not depends on the applied electric field:
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lele*Zlvcl

Equation 47

This evidence is of significant relevance in modeling the electrokinetic
transport, as locally we may encounter deviation from Ohm’s law when
concentration gradients are present. A careful definition of the current density term
is required, considering it is now composed of a migrational and diffusive term
[101]. Besides the important information of local deviations from Ohm’s law if
concentration gradients are present, the charge conservation condition bears
important significance in the electrokinetic delivery of amendments as in introduces
significant limiting conditions.

2.4.3 Poisson-Nernst-Plank equation

Let us recall the Nernst-Plank equation from Equation 29 [101, 136]:

dc;
= V(= D} Ve — kY V) + R

Equation 29

To obtain the most general model for a porous medium, we must account for
porosity (n) and water content (0) of the solid matrix:

a(nb -)c;

PR =-Vnb-v-c;—nb-D; -V¢;—nbB -kfM - ¢; - V) +nb -R; ;
Equation 48

in the control volume to which the Nernst-Plank equation is referred,
electroneutrality is maintained by coulombic forces as discussed above. The charge
balance can be expressed in terms of charge density, and is well described by
Poisson equation:

£ Vo =—p ,
Equation 49

where ¢ is the medium permittivity (C V! m™") and p is the charge density in the
control volume [136]. Therefore, for a system comprised of N species the model is
composed of a system of nonlinear partial equations (PDE) containing N Nernst-
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Plank equations and one Poisson equation. In this way we are able to describe the
strong interplay between electric potential and concentration in the soil solution;
the model is defined strongly coupled [125, 126, 136]. Such system of equation is
defined Poisson-Nernst-Plank, shortened in PNP equation. When the diluted
electrolyte assumption fails, the mass balance, current flow and electroneutrality
equations are still valid, but a modification of the PNP equation is required for the
mass flux. The same need arise in ternary solutions, as two different concentration
gradient may be present and each of them affects the flux of each specie. [101]. The
first approach is to account for the different interactions between the species, which
were negligible for diluted solutions, using the electrochemical potential as driving
force for diffusion and migration. However, a simple substitution will result in an
overcomplicated system since the electrochemical potential depends on both local
composition and electric state. We can separate the contribute of concentration and
electric field as [101, 125, 126]:

i =u) +RT -In(a;) +z-F-E ;
Equation 50

where i’ is the standard electrochemical potential, aj is the activity of the i-th specie
and E is the electrostatic potential. When the electrochemical gradient is considered
in the framework of the PNP equation it leads to a new term for activity, with the
main structure unchanged from the diluted solution case [101, 125, 126]. For a
porous medium the same modification applied in Equation 48 to account for
porosity and water content is valid.

Zi'Ci'e'Di*
kT

TOT _

i =c¢rv—D V¢; — V& —D; - ¢; - In(ay) ;

Equation 51

2.4.4 Numerical simulation of electrokinetic transport phenomena

Given the importance of Coulombic interactions, the effect of multicomponent
transport [125, 126, 146] and the relevance of solution conductivity on the
electrokinetic phenomena, a comprehensive approach is required to correctly
describe and predict the evolution of an amendment delivery [65, 125, 126]. For
this reason, a coupled approach is required, to describe the mass flow in all its
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components, the Coulombic effects deriving for an applied electric potential and
the eventual geochemical reactions, which determine the local ionic concentration
and thus the conductivity [125, 126].

The modeling approach starts from the Nernst-Plank-Poisson equation (NPPE)
which considers advection, diffusion (accounting for Fickian effects and activity
coefficients), electrochemical effects (EM, EO, EP), soil properties (porosity). The
resulting equation for the single specie total flux is the following [92, 125, 146]:

ZiF
*

i RT ciVCI) ,

i’ =v'c; —nD;Ve; —nD{¢;VIn(a;) — nD

Equation 52

where the terms represent, from left to right, advection, Fickian diffusion, activity
coefficient gradients and electromigration. Electroosmosis contribution is
introduced in the advection terms, applying the Helmholtz-Smoluchowski
assumption, the EO velocity is computed from the EO mobility and adds to the
specific discharge defined by Darcy’s equation [5, 126]:

K
UD = _th
n ;
vEO = _kEov(D

17* = UD + vEO )
Equation 53

The system must abide both material balance and electroneutrality (or charge
balance), the latter is verified at both the macroscale and locally in every point of
the system by the Poisson equation [92, 101, 126]. Since the current in electrolytes
translates in ionic flux, the NPPE equation can be used to define the current density
[92, 101, 126].

The co-existence of advective fluid flow, coulombic effects and ion flux
requires a coupling of three different physical model: Navier-Stokes equation to
describe the fluid flow, Nernst-Plank equation to describe the ionic flux, and
Poisson equation to describe the coulombic interactions [126, 147]. The specific
number of equations required to fully describe the system depend on the system
complexity, each ionic component requires a NP equation, and each free coordinate
direction requires a momentum conservation and a fluid continuity equation
combining in a partial different equation (PDE) system. In addition to the physical
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effects, the chemical composition also contributes significantly to the system
evolution in the definition of the effective diffusion coefficient due to
multicomponent transport. To account for these effects, the geochemistry of the
system has to be considered and used as input to the PDE system for each time step.

The NP-Phreeqc-EK model [125, 126, 148] applies the PHREEQC code [149,
150] to the resolution of the coupled modeling of electrokinetic transport
implementing a COMSOL-Phreeqc-RM coupling. Specifically, the initial solution
composition is analyzed by the Phreeqc module, which returns a composition
resulting from all the geochemical reactions and equilibria. These initial conditions
are used by the COMSOL Multiphysics interface — composed of the Nernst-Plank
PDE, the Poisson equation, the current balance and in case of fluid flow the Navier-
Stokes equation — to compute the spatial species concentration distribution for a
determined time step (desired as small as possible). The model output is used as a
Phreeqc input for the calculation of species concentration, which is the passed to
COMSOL for the transport computation; the iterative process is repeated for the
desired transport duration, set by the operator [65, 125, 126, 148].
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Chapter 3

Electrokinetic delivery of reactants:
pore water chemistry controls
transport, mixing and degradation

3.1 Literature background and motivations

The electrokinetic transport of soluble and colloidal species represents a valid
alternative to hydraulic advection to achieve both extraction of contaminants [37,
38, 151] and the delivery of amendments for in-situ treatments (ISCO, ISCR, EK-
Bio) [45, 49, 50, 152-154]. Specifically, in the case of solutes, the delivery
mechanism is based on coulombic interactions between the dissolved ions and the
applied electric field; therefore, parameters as pore size, solution viscosity, friction
are in most cases negligible. More importantly, in its general application, EK
delivery is independent from the porous medium hydraulic conductivity and thus
can prove effective in those cases gravity feed, pressurized injection or Direct Push
fail or present major shortcomings [7, 11, 13, 16, 17]. The principle of
electrokinetics applied to soil and groundwater decontamination has been
thoroughly explored by different authors [11, 37, 39, 63, 143] and the driving forces
and mechanism are well known. Three principal transport phenomena are
identified: 1) electromigration (EM) acts on soluble species (namely, ions), ii)
electrophoresis (EP) acts on mobile colloids iii) electroosmosis (EO) acts on the
pore solution involved in the formation of the electric double layer. Each transport
velocity depends on specific parameters of the target specie — valence and diffusion
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coefficient for EM, solution properties, zeta potential and shape factors for EP and
EO — and on the local electric potential in the porous medium; such variables are
discussed in detail in the theoretical section. A great wealth of studies is dedicated
to investigating how system variables affect the transport, and to defining strategies
to maximize the reactant delivery. For example, Cherepy and Wildenschild [80]
and Lee and Yang [140] discuss the effect of electrolysis and pH variation in the
electrolyte and propose methods for maintaining stationary conditions; Gomes et.
al. [43, 155-157] and Masi et.al. [63, 158] explored cases close to real applications
investigating the effect of soil type, applied current, soil solution composition.
However, most of the studies available in the current literature are limited to one-
dimensional confined geometries, specifically circular columns [38, 61, 62, 159].
The few experiments carried out in two-dimensional systems involved an
amendment delivery (or contaminant extraction) over the whole model cross-
section [40, 45, 54, 63, 64], which leads to a one-dimensional behavior far from
conditions relevant for a real application of EK delivery as discussed in Chapter 2.
The literature works allowed to gather an insight of the processes and mechanism
involved in the transport, particularly in those cases real soil samples were used [43,
63, 158] rather than ideal porous media; however, the mono-dimensional geometry
eliminates the possibility for a spatial distribution of the current, dependent on the
specific conductivity of the medium (namely, the porous medium and the soil
solution). In an homogenous porous medium saturated with a single electrolyte, the
applied electric field is equally distributed in the medium as it presents the same
conductivity, hence the same resistivity, so that Ohm’s law is upheld [92, 101].
When a second solution, or a second porous medium, fills a partial volume of the
system, two resistance values can be identified affecting the current distribution and
thus the electrokinetic transport. In a mono-dimensional system this effect is
partially masked by the confinement of the model walls, which forces the current
in flowing through all the model with the same intensity (Figure 14): the effect on
the transport of a solute can be observed only on the longitudinal direction and
results in a spreading of the injected volume [57, 78, 101]. In a two-dimensional
system, the current distribution can vary depending on the local resistivity, hence
on the ionic species and their concentration. The different current flow results in a
focusing or defocusing of the electric field streamlines, which in turns affect the
electromigration of the ions in solution introducing preferential pathways for the
transport: both longitudinal and transversal distortion of the injected amendment
occurs, causing relevant modifications on the portion of the aquifer interested by
the delivery and reactivity towards contaminants. A correct injection strategy is
therefore pivotal to reach the remediation objectives in terms of volume affected,
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reaction kinetics and efficiency; a correct understanding of such phenomena can
provide tools to support the design of the injection operation to maximize
efficiency.
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Figure 14) Current distribution and electromigration flow lines in a confined system with 1D geometry
for the transport of a solute presenting a higher conductivity than the background. Color scale represents
conductivity, lines represent the current distribution, while arrows the electromigration flux.
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Figure 15) Current distribution and electromigration flow lines in a 2D system for the transport of a
solute presenting a higher conductivity than the background. Color scale represents conductivity, lines
represent the current distribution, while arrows the electromigration flux.

The objective of this work is to elucidate the multidimensional transport
mechanism arising from charge interactions between the amendment and the
background solution, with the purpose of optimizing the delivery, distribution, and
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reactivity of amendments for groundwater remediation. This focus is aimed to add
to the current literature on the mathematical modeling of electrokinetic assisted
delivery, to account for multidimensional process so far only marginally
investigated. This is of paramount importance in the design of filed-scale
applications, specifically to optimize the injection well geometry and strategy (e.g.,
concentration of amendment, volume injected). The study was performed
simulating a delivery of permanganate in a 2D model filled with an ideal
homogenous porous medium and allowed to observe both longitudinal and
transversal transport during electromigration. In the first part of the study the
conservative transport of permanganate was explored to elucidate the plume
distribution during migration, and the resulting Area of Delivery and local
concentration; in the second part of the study a model pollutant was uniformly
dispersed in the model to explicit the permanganate reactivity and investigate the
influence of the multidimensional plume dynamics introduced by coulombic
interactions. The experimental activity was coupled with the construction of a
physical-based model using COMSOL and PhreeqC to describe and predict the
system evolution in both conservative and reactive scenarios.

3.2 Materials and methods

The experiments to investigate both advective-dispersive and electrokinetic
transport were conducted in a glass chamber built from two tempered glass panels
mounted on an aluminum frame; the inner side of the frame is covered by
polyethylene to ensure electrical insulation. The internal dimensions were
795x182x11 mm, for all the experiments the set-up was modified creating three
chambers by placing two laser-cut bulkheads with a square-mesh, covered with a
fabric filter. The inner chamber, measuring 300x180x11 mm, was filled with glass
beads (Sigmund Lindner, Germany) having a grain size of 0.4-0.6 mm. The two
side-sections are electrode chambers, no porous media is present to allow for
solution recirculation to achieve an efficient neutralization of H" and HO™ and gas
venting produced by electrolysis. Such configuration simulates the use of boreholes
or wells to insert the electrodes in the subsoil during a real EK application; this
allows the solution recirculation of a buffer solution for pH control, and also
facilitates the insertion of the electrodes reducing the risk of wear or breaking when
the electrode is driven directly into the ground. In the case of advective-dispersive
transport the two chambers were used to establish the hydraulic gradient to obtain
the desired seepage velocity in the porous medium. To prevent preferential flow
patterns, the water level was set to 150 mm, while the porous media layer reached
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180mm. The unsaturated layer is required to prevent a water table higher than the
porous medium, which would cause daylighting in both advective and
electrokinetic transport experiments. A scheme of the experimental set-up,
including the recirculation system, power supply and electric parameter monitoring
is presented in Figure 16.

Before each experiment, the glass beads, and the glass windows of the 2D set-
up were cleaned using a 5% H>O> solution to remove any residues from previous
tests; hydrogen peroxide proved able to remove manganese precipitates (MnQO»),
which would introduce a yellow-brown patina. The removal is required to have
consistent colors for the photographic determination of permanganate and its
quantification. After removing any washing solution residue with ultrapure water,
the glass beads were conditioned with at least 5 pore volumes of the electrolyte
buffer solution, one pore volume at a time, to obtain uniform conditions. A wet
packing procedure was applied to fill the set-up, to eliminate the formation of
unsaturated zones below the water table.

The electrodes used in the experiments to apply the electric field (Working
Electrodes, WE) were graphite rods (e6mm, L=300mm), specifically designed to
be used as active electrodes and supplied by Elektrokul, Denmark. They were
placed in the electrode chambers to obtain an electrode distance of 400 mm in al
tests, to maintain the same applied voltage and achieve the identical input potential
gradient. The electrodes were connected to a power supply (EA Elektro-Automatik,
EA-PSI 5200-10A, Germany) operating in constant voltage mode providing 200 V,
corresponding to a potential gradient of 0.5 V cm™!. The corresponding current and
the potential gradient in the porous medium were measured every hour by a
multimeter (PeakTech 3315, Germany), the latter introducing two wire electrodes
(Sensing Electrodes, SE) with a 2 mm exposed tip placed 10 mm deep and 10 mm
from each bulkhead (distance 280mm). The monitoring of the current allows to
investigate the ability of the recirculation to maintain constant conditions in the
electrode chambers, specifically to counterbalance electrolysis. Monitoring the
potential gradient in the porous medium is required by the presence of both the
electrode chamber and the bulkhead, which create a complex interface bound to
cause a potential drop from the theoretical applied value. The relevant electric
parameters —potential gradient in the porous medium and applied current — were
recorded every hour, while pH and temperature were measured at the beginning and
end of each test in both cathodic and anodic reservoirs.
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For advective-dispersive delivery, recirculation was operated between the two
electrode chambers (which did not contain the electrodes, but only the buffering
electrolyte) to create the hydraulic gradient necessary to obtain the desired seepage
velocity. The value was set by the average velocity registered in the EK experiments
(6.5 cm h! or 1.8E-5 m s™!) and the required hydraulic head computed from the
Darcy law and the definition of effective porosity (ne or specific yield) [5]; the data
relative to hydraulic permeability and effective porosity were obtained from
available literature [160-162].

In the case of electrokinetic experiments, the recirculation was operated
separately for each electrode chambers; specifically, the pump was used to extract
the electrolyte solution from the electrode chamber to a reservoir with a two-
channel tight seal, which resulted in an equal outlet flow directed to the electrode
chamber regenerating the solution (schematics are provided in Figure 16). Using a
flow rate of 40 mL m™! in the entire volume of an electrode chamber is recirculated
in little more than 10 minutes; both the fast recirculation time and the additional
volume in the reservoirs allow to counterbalance the effect of electrolysis and
obtain constant condition in the system for the whole test duration. The experiments
were performed using a sodium carbonate/bicarbonate buffer at pH 9 (molar
concentration ratio 1:10); the different conductivity scenarios were explored
modifying the electrolyte concentration rather than the one of permanganate, hence
the buffer capacity varies as well. In all cases, the concentrations were set so that
pH remained in the neutral-alkaline range at the end of the experiment. Also, for
this set of experiments, the same buffering solution was used to saturate the porous
medium to reduce the system complexity and to facilitate the mathematical
modeling, even though these conditions are far from a real groundwater
composition.

The voltage applied to generate the electrokinetic transport was selected to
provide a potential gradient of abt. 50 V m™!, which was computed from the Nernst-
Einstein-Townsend equation to provide a permanganate migration velocity equal to
the one for the advection-dispersion delivery; the value also falls in the range
usually applied for real-scale implementations [32, 66, 153, 163]. No hydraulic
gradient is created by the recirculation system to avoid advection phenomena to
interfere with EK; electroosmotic flow (EOF) is known to be minimal in coarse
porous medium, such as the one used for the experiments; nonetheless, EOF is
observed in the initial stages of the EK transport. Due to the separate recirculation
for the anodic and cathodic chamber and the absence of an outlet weir, EOF is
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rapidly balanced by the increased water level in the cathodic chamber. As the
system comprises only dissolved ions, electrophoretic transport can be neglected
for the conservative transport experiments. Given the time required to reach an
equilibrium between EOF and the forming hydraulic gradient and the total test time
it is safe to consider electroosmosis negligible for our purposes. It follows that the
only active transport process in the system is electromigration.

Potassium permanganate was selected as substance object of the delivery since
it is widely used as an ISCO amendment. In all experiments, permanganate
concentration was equal to 3 mM, and the background electrolyte concentration
adjusted to explore different conductivity scenarios for the electrokinetic delivery.
Three experimental conditions were explored, in terms of ionic concentration of
permanganate and background solution: the first scenario is defined “EK equal”
and involves equal ionic concentration in the soil solution and permanganate; the
second scenario is defined “EK low” and the third “EK high”, referring to a
background ionic concentration 3 times lower and 3 times greater than the one of
permanganate, respectively. For the advective delivery, the background
concentration matches the permanganate ionic concentration, falling in the “equal”
conditions. For all the experiments 8 mL of solution were injected in the set-up; the
injection was performed in a static system, which means a null hydraulic head for
the advective-dispersive experiments and no applied electric field for the EK
experiments. To obtain the maximum comparability of the experimental data, the
syringe needle was modified to perform the injection centered in the set-up width
and at the same depth in each experiment, also the injection was performed at the
same distance from the cathodic bulkhead. No fracturing or preferential distribution
of permanganate was observed in the experiments, every time the plume presented
a circular shape and very little variation in its area, so that a unique value can be
used as boundary condition for the construction of the mathematical model. As the
injection was performed close to the cathodic bulkhead, an increase in the water
table occurs, which is rapidly dissipated across the set-up with minimal effects on
the permanganate transport given the type of porous media selected: this is
accounted by a short waiting time between injection and the start of the experiment.
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Figure 16) Schematics of the experimental set-up for the electrokinetic experiments.
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The reactive experiments were performed following the same protocol
described above, with the difference of dissolving a non-charged organic compound
in the electrolyte buffer solution. The choice of such compound was carefully
evaluated: given the volumes at play a non-toxic chemical was found most suitable,
but other requirements had to be taken in account: i) null or minimal
electrochemical reactivity, so that the conditions in the electrode chambers can be
maintained stable; i1) proved reactivity towards permanganate iii) limited system
alteration of the system conditions with respect to the conservative transport
experiments. The latter excludes all dyes, which would modify the background
color and can prevent the quantification of permanganate from the photos. A
compound which answers to all requirements is glucose, as different authors report
the occurrence of glucose oxidation by permanganate, also in alkaline medium
[164, 165]. Although there is no unanimous consent on the exact reaction pathway
relative to the glucose products a general reaction can be defined for the process
[166-168]:

_ H,0, HO™ ox L
CoH12,06 + MOy —— Gluc®® + MnO; ,
Reaction 9

where ‘Gluc®®’ indicates all the possible glucose byproducts (carboxylic acids,
ketones, carbon dioxide). It is important to notice that the permanganate byproduct
is a colloidal solid, of yellow-brown color which allows to visually follow the
reaction and obtain qualitative information on its kinetics. All three scenarios — “EK
equal”, “EK low” and “EK high” — were explored, as well as the advective-
dispersive transport. To fully describe the system in terms of charge conservation,
the solution composition must be fully known to account for the reaction products;
the concentration term in the charge continuity expression is substituted by a
reaction term that accounts for the reaction kinetics: in the present case, the reaction
terms refer to a bimolecular reaction. The system evolution was monitored by
means of digital imaging performed by a Nikon D300 equipped with a Nikkor
50mm f/1.4g; the camera was placed to align the sensor parallel to the set-up and
centered with respect to the porous medium section. The camera was set on manual
exposure (f/16, ISO 200, 4 seconds exposure, White balance 5000 K) and the
experiments were performed in a dark room to eliminate color and exposure
variations by daylight. Back illumination was provided by an electroluminescent
panel (1000x300 mm, EL-Technik, Germany) and front illumination, to eliminate
shadow and reflexes, by a light bulb (Philips 4000 K, 806 Im, 100 mA, 9.5W).
Images were acquired every minute at maximum resolution (4288x2848 pixels).
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Table 3) Summary of the experimental scenarios explored in the study, only principal variables are
reported. Magnitude refers to the driving force, respectively basal flow and applied electric field.
See Appendix for additional and more detailed values.

Concentration (mM) Driving force
KMnOs NaHCOs; Na:COs

Type Magnitude

EK Equal 2.69 0.15  Electromigration 50V m’!

EK High 3 8.09 0.45  Electromigration 50V m’!

3.3 Experimental results
3.3.1 Conservative transport experiments
The result of the conservative transport experiments is firstly reported using the

collected images showing the evolution of the permanganate plume (Figure 17-
Figure 20).

Figure 17) ADVECTION: permanganate plume evolution obtained from the collected photos, time step
30 minutes. Crop of the porous medium section only, excluding electrode chambers and tank frame.

Figure 18) ELECTROMIGRATION — “EQUAL”: permanganate plume evolution obtained from the
collected photos, time step 30 minutes. Crop of the porous medium section only, excluding electrode
chambers and tank frame.
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Figure 19) ELECTROMIGRATION — “LOW”: permanganate plume evolution obtained from the
collected photos, time step 30 minutes. Crop of the porous medium section only, excluding electrode
chambers and tank frame.

Initial time 30 minutes 60 minutes
90 minutes 120 minutes 150 minutes
—
5 cm

Figure 20) ELECTROMIGRATION - “HIGH”: permanganate plume evolution obtained from the
collected photos, time step 30 minutes. Crop of the porous medium section only, excluding electrode
chambers and tank frame.

In the advection-dispersion experiments, the permanganate plume evolves
following the theory of transport in porous media [18, 88] abiding Darcy’s law and
being subject to dispersion and chemical diffusion during the transport. For the
three EK scenarios, the greater distortion along the electric field lines indicates that
chemical diffusion is no longer the dominant driving force: electromigration and
electrical dispersion regulate the plume deformation and transport. The effect on
the plume dilution is much more significant than the advection-dispersion case and
bears significant implications on the permanganate reactivity kinetics. The plume
evolution in terms of migration velocity of the barycenter, area expansion, shape
modification is summarized in Table 4 and reported in detail in Figure 21. Such
evaluation was performed using the Particle Analyzer plugin for ImageJ [169],
which uses the color contrast between permanganate and glass beads to identify the
plume in each time frame (more details are provided in Appendix).
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Table 4) Plume velocity, normalized area and roundness obtained from the collected images using
ImagelJ [169].

Velocity (m s™) Normalized plume area Roundness

Initial  Final Average  Initial Final Initial Final
ADV-DISP  1.78E-5 1.77E-5 1.79E-5 1 1.35 0.958 0.927
EK equal 1.93E-5 2E-5 1.85E-5 1 1.72 0.977 0.702
EK low 9.17E-6  1.38E-5 1.23E-5 1 3.42 0.967 0.638
EK high 1.13E-5 1.47E-5 1.29E-5 1 1.05 0.957 0.568

For the advection-dispersion transport (ADV) and “EK equal” the plume
velocity results are comparable and coherent with a theoretical value of 6.5 cm h!.
For the “EK low” and “EK high” scenarios the average velocity is about 2/3 of the
advective and the “equal” case. From the original images (Figure 17) we can
observe how in the advective case diffusion expands the plume fringes,
consequently lowering the local permanganate concentration: the area (computed
by the Particle Analyzer) increases by a factor 1.35 over the entire test duration. In
both “EK equal” and “EK low” the area also increases, while in the “EK high”
scenario the plume initially decreases its area and thus increase its concentration;
then the area increases again to reach a final value close to 1 but with a significantly
different shape (variation in roundness). This dilution effect and shape modification
will play an important role in the understanding of reactive experiments and in the
implications of EK transport for groundwater remediation.

As a shape descriptor, roundness was chosen over circularity to account for
aspect ratio variations, rather than only perimeter and area [170]. The roundness
value for the advective case is subject to little variations, in the 0.927--0.957 range;
this indicates that diffusion dominates the plume expansion rather than dispersion,
as the latter is an anisotropic process, whereas diffusion is isotropic. A limited
dispersion can be explained with the regularity of the grain size, a perfectly round
shape, and a well-packed medium; a scale factor might also be responsible as the
plume travels for less than 30 cm [5, 171]. In all EK experiments the roundness
decreases as the plume ovalizes; the lower final value is found for the “EK high”
case as the longitudinal dispersion greatly surpasses the transversal one.
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Figure 21) Comparison of velocity, normalized area, and roundness of the permanganate plume for the
advective (ADV) and EK experiments; data time-step 10 minutes. Computed from collected images using
ImagelJ, see additional details in Appendix

A great degree of similarity is observed for velocity and normalized area
between the advection-dispersion case and the “EK equal” experiment. The
difference in the normalized area increment indicates that a different mechanism
than chemical diffusion is responsible for the plume expansion, and such
mechanism is characterized by an anisotropy between the longitudinal and
transversal direction. The differences in the normalized area and roundness trends
for “EK low” and “EK high” experiments support the indicates that the relative
conductivity of permanganate with respect to the background solution strongly
affects the electromigration dynamics. An indication that the same mechanism acts
with the same extent, once defined conditions are reached in the system, is
suggested by a similar slope in the increment of the normalized area for all the EK
experiments starting from 60 minutes. It is also interesting to notice that in terms of
migration velocity, in the “EK low” experiment the final velocity is comparable
with the advection-dispersion and “EK equal” case, whereas in the “EK high”
scenario the velocity is significantly lower. During the test, current and potential
gradient were monitored every hour (values are summarized in Table 5); small
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variations are observed in both parameters during the test, as the buffering solution
limits concentration changes due to electrolysis. Although the pH variation at the
anode is significant, especially for “equal” and “high” case, the pH does not reach
acidic values and therefore limited modifications are introduced in the system.

Table 5) Experimental condition evolution during the electromigration experiments. pH and
temperature were measured in the electrode chambers at the beginning and end of the experiment (3

hours), potential and current every hour.

EK equal EK low EK high
equal background lower background higher background
VO (V m) 0Oh 1h 2h 3h 0h 1h 2h 3h Oh 1h 2h 3h
52.1 49.4 48.7 48.6 | 53.1 47.1 45.6 443 51.5 47.1 45.7 47.4
I (mA) Oh lh 2h 3h Oh 1h 2h 3h Oh 1h 2h 3h
7.9 7.9 8.0 8.2 3.0 3.0 3.0 3.0 223 22.4 23.5 24.8
H 0Oh 3h B 3h 6 Oh 3h B 3h S 0Oh 3h D 3h &
p 9.10 6.67 9.96 8.88 7.70 9.18 9.15 6.61 10.01
Temp. (°C) 0h 3h B 3h 6 Oh 3h B 3h 6 0Oh 3h B 3h©
) 21.3 21.6 22.2 21.9 22.2 22.5 21.7 22.0 22.1
@: Anodic chamber &: Cathodic chamber
V®: Potential gradient in the porous medium ; I:input current

All the gathered evidence are pointing to an electromigration-electrodispersion
mechanism, where the former is responsible for the plume migration and the latter
for its anisotropic expansion and shrinking. Our initial hypothesis of a strong effect
by the background conductivity is then confirmed by the experimental data. A
coupled effect of the different electrical conductivity, resulting in a local
modification of the current density, and a mass limitation imposed by
multicomponent coulombic interactions (effect of transference numbers for the
dissolved species), contributes to the longitudinal and transversal transport

components.

The experimental results were also analyzed using the images to quantify the
local concentration of permanganate (see additional information in appendix for
details on the calibration procedure), the data are presented in Figure 22 and
compared with the computed plume profiles using a 2D forward model, describing
both physical and electrostatic interactions in the set-up [125, 126]. The data
confirms the results obtained from the Particle Tracking, specifically:

e In the advective scenario the plume shape is regular and is subject to
little deformation, coherently with the classic flow theory in porous
media; the experimental data and the computed values from the
simulation (in advection-dispersion regime) are in good agreement.

e Significant plume shape alterations are registered in the EK
experiments, which vary with the background concentration. In all three
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cases it is possible to observe a fronting effect: the plume develops a
smoother concentration profile on the front and a sharper one on its tail.
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Figure 22) Longitudinal concentration profiles for the conservative experiments obtained from the
mathematical model (solid line) and obtained from the image analysis (shaded area); on the latter,
thickness of the shaded area quantifies the uncertainty (£20). Normalization was performed on the
maximum intensity for the plume at t=0 min. Adapted from Sprocati, et al. [65]

The latter evidence is well described and simulated considering the effect of
charge interactions on the classic Nernst-Plank description of the mass fluxes of the
present species. Similarly to the advective case, the results of the numerical
simulations reproduce well the experimental observations, both in terms of plume
profiles and local concentration values. For the “EK low” case (low background),
the peak concentration progressively lowers until 1 mol m™, in the range of the
background solution ionic concentration. The longitudinal transport which emerges
from the profiles also shows the greater expansion and slower movement of the
plume maxima. Contrarily, in the “EK high” test (high background) the
permanganate concentration increases of almost three times in the first stages of EK
transport, to then progress similarly to the “EK equal” scenario.

The different scenarios were analyzed using a modeling approach based on the
Nernst-Plank-Poisson equation; using these data, it was possible to compute the
major ions concentration in the pore water and the resulting electric conductivity;
for the background solution Na" and HCOj™ are considered, as CO3” is a minor
anion. For each ion, the concentration profile referred to the set-up length was
obtained and compared to the total amount of ionic charge of the same sign in the
system; the results are presented in Figure 23.
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Figure 23) Simulated concentration of major ions present in the system at initial time and after 90
minutes: (a) shows a longitudinal cross section illustrating the plume dynamics at two different times
during the test, the injection zone is highlighted in beige while the dashed line represents the total charge
equivalents; (b) Normalized conductivity (on t=0 min) with respect to the background at initial time and
after 90 minutes.

In the scenario with equal background, the MnO4™ concentration corresponds to
the equivalent ionic concentration and with the progressing of the migration the
peak intensity does not vary significantly; the corresponding potassium injected in
the system is completely extracted from the system boundaries in 90 minutes. The
decreased concentration in the background ions (Na® and HCO3) results from
solution displacement caused by the injection and propagates in the system for the
bicarbonate ion increasing its intensity. After 90 minutes, the concentration profiles
of MnO4™ and HCOs™ are perfectly complementary, as it is required to maintain a
neutral charge balance. The concentration profile for Na* closes the charge balance
and accounts for differences in the diffusivity of the ions. The latter is responsible
for the profile alteration of the plume front and tail, since while permanganate can
move at his maximum theoretical speed in a permanganate background (which is,
within the injection spot) to propagate in the background electrolyte a limiting
factor is imposed by the bicarbonate lower diffusivity. This results in the more
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pronounced front and in a sharp plume tail. As the ionic concentrations were equal
for background electrolyte and permanganate the migration velocity is constant and
very close to the theoretical value.

In the scenario with a lower background, the injected concentration of
permanganate is significantly higher than the equivalent total charge, hence its
migration in the system is limited by the soil solution. From the concentration
profiles, after 90 minutes the concentration is equilibrated, and the permanganate
plume has reached the “equal” condition; the profile evolution supports the lower
velocity observed from the image analysis, both on the permanganate and
potassium ions. The higher concentration of sodium and bicarbonate in the injection
zone is required to maintain a null charge balance, or in other words is required to
accept the ions displaced by the electromigration of MnOy. In light of such data, it
is also possible to explain the higher concentration in the plume tail in Figure 23 as
the migration of the plume tail occurs in a system portion with “equal” conditions,
namely the permanganate is migrating in permanganate. Even accounting for a
dilution factor caused by the injection, the limiting effect from the lower
background will be less than the one the plume front is subject to, causing a slight
temporary accumulation of MnOy".

In the last scenario, with a higher background ionic concentration, the limiting
effect is acting differently, as due to the higher Na™ concentration migrating towards
the cathode a higher concentration of permanganate must migrate towards the ion
for charge conservation. As for the previous cases the profiles of Na™ and HCO3
after 90 minutes are complementary to the K" and MnOy initial concentration
profiles. As already discussed in the previous section, this result is of particular
significance as electromigration of permanganate and multicomponent interactions
are resulting in a concentration of the injected amendment that occurs opposing
chemical diffusion and further increasing the concentration gradients.

The experimental evidence gathered clearly shows that the electrokinetic
transport, shape, and local concentration of the amendment plume are strictly
controlled by the background electrolyte concentration. It was also possible to show
the cooperative effect of ionic concentration and diffusivities, as in the “EK equal”
the higher diffusivity of MnOs ang K" lead to higher conductivity for the
amendment plume despite the same ionic concentration of permanganate and
background electrolyte; this is clearly shown from the conductivity maps (Figure
23-b). It follows, the electrolyte conductivity is a spatially variable parameter in the

63



set-up, and significantly affects the electric streamlines, causing focusing and
defocusing according to the medium conductivity: the electric filed streamlines
focus in areas with higher conductivity and defocus in areas with lower
conductivity. In the case “EK equal” and “EK low” background, the conductivity
maps in Figure 23 shows a higher conductivity in the permanganate plume, and a
focusing of the streamlines in the injection zone. After 90 minutes the “EK equal”
scenario shows a higher conductivity for the permanganate plume, while the
injection zone presents a lower conductivity due to the lower diffusivities of
background ions that now occupy the injection pore space. In the “EK low” scenario
the higher conductivity gradients between amendment and background results in a
stronger focusing, while the slower migration results in the plume not leaving the
injection area after 90 minutes. The stronger focusing in the plume tail also results
in a strong defocusing in the plume front, which is the cause of a larger spreading
of the amendment. Lastly, in the “EK high” case the pattern is opposite; the
conductivity in the injection zone is lower for permanganate, hence the streamlines
defocus in the plume tail and focus in the plume front, leading to a shrinking during
its displacement towards the anode and an increase in its concentration, and thus in
its conductivity.

The complex pore-scale flow and mass transfer processes regulate the
macroscopic evolution of the injected plume, in terms of both shape and
concentration, and requires metrics to allow the description of the amendments
transport in the porous medium. Specifically:

e plume spreading is quantified by the second central spatial moments;
e the dilution index describes and quantifies the plume mixing.

Both descriptors were computed using the mathematical model and determined
from the image analysis of the different experiments. A more detailed mathematical
description of the spatial moments is reported in Appendix.

The images reported in Figure 17-Figure 21 and summarized in Figure 24
clearly show different plume shape, area, and solute concentration for the different
explored scenarios. The longitudinal (x) and transverse (y) second central moment
shows specific behaviors for the different scenarios. Referring to the advective-
dispersive case, both longitudinal and transversal model shows a gradual increase
consequence of hydrodynamic dispersion and diffusion of the plume fringes. In the
“EK equal” scenario the plume spreading is larger in both directions, and it is even
more pronounced in the “EK low” scenario; in the latter case the plume spreads
over a large portion of the porous medium. The computed trends for the “EK low”
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scenario show higher slope in the initial times of EK, which indicates a more
effective spreading at earlier times. In the “EK high” scenario the spatial moments
analysis shows the initial shrinking and the subsequent spreading of the plume; also,
the rate of increase is more pronounced on the longitudinal direction resulting in
higher moments at late times compared to the advection-dispersion case. For all
cases, the computed moments (solid line in Figure 25) are in good accord with the
experimental data obtained from the image analysis (shaded line in Figure 25).

Advection-Dispersion EK Equal
EK Low EK High

5cm

Figure 24) Plume shape after 90 minutes for the different transport experiments, images extracted
from Figure 17-Figure 20
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Figure 25) Second central spatial moment on the longitudinal (x) and transversal (y) directions,
dilution index and peak concentration variation in time. Details on the mathematical data
processing are reported in Appendix. Adapted from Sprocati, et al. [65]
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Figure 26) Average plume concentration computed from injected permanganate concentration and
plume expansion/contraction (from ImageJ software)

The other metrics applied to describe the plume evolution — dilution index and
peak concentration — are intrinsically related and are well suited to quantify the
capability of the injected plume to mix with the background solution. In the
advection-dispersion case the mild increase is coherent with hydraulic transport in
a 2D system [172]. Dilution increases for the “EK equal” scenario while is more
than double for the “EK low” case; these evidences show the capability of EK
transport to effectively distribute the injected tracer or amendment in a larger
volume than the advective-dispersive case. All the above-mentioned dilution
indexes show monotonic increasing trends, a significant and interesting difference
is found for the “EK high” scenario where the dilution index variation is non-
monotonic. An initial decrease (to approximately half of the initial value in the first
30 minutes) followed by an increase is observed, with a final dilution index value
similar to the one for the injected plume. The initial trend in the dilution index for
the “EK high” case can appear counterintuitive if analyzed only in light of
conventional mass transfer, since the plume dynamic acts decreasing its entropy
and against the concentration gradient. However, as previously explained, in the
EK regime charge interaction and conductivity gradients are strongly correlated
with the primary driving force, thus prevailing and resulting in the plume shrinking
and an almost three-fold concentration increase. It is also interesting to notice that
the high degree of similarity is found with the normalized area obtained from the
image analysis (Figure 21): 1) in the index slope for later times; i1) in the final
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relative values of the different scenarios. This evidence corroborates both the
validity of the mathematical model and the calibration procedure since the
normalized area was obtained by a simple plume tracing and geometrical
computation. The same correlation can be found from the average plume
concentration computed by multiplying the nominal initial concentration (3 mM)
by the inverse of the normalized area. This is confirmed by the data presented in
(Figure 26) and supports both the Particle Tracking analysis, the image calibration,
and the modeling approach. As expected, differences in the peak concentration
value are observed (e.g., for “EK high” maximum concentration abt. 8.6 mM for
the moment analysis vs 5.8 mM from Particle Tracking) due to the different nature
of the value; using the spatial moments (and the image calibration) a point
concentration can be determined, while Figure 26 refers to an average plume
concentration.
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3.3.2 Reactive transport experiments

The results from the reactive transport experiments are presented in Figure 27
as time frames from the images collected during the experiments.

Sem

Advection-dispersion

Equal Background

Electromigration
Lower Background

5cem

Figure 27) Plume evolution obtained from the photography acquisition during the reactive transport
experiments; from top to bottom advection-dispersion, “EK equal”, “EK low” and “EK high.”

Higher Background
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The impact on the permanganate reactivity during its electromigration (which
is at the core of a ISCO application) caused by the different transport mechanism is
evident. Focusing on migration only, in all explored cases, the residual
permanganate plume migrates with a similar velocity to the conservative case
(Figure 28) but significant differences are observed in reaction mechanism and
kinetics.

5cm

Figure 28) Comparison of the plume position at the end of the experiment (150 minutes) for the
conservative test (blue line) and reactive test (color image); from top left proceeding clockwise: advective-
dispersive, “EK equal”, “EK low” and “EK high” scenario.

The advection-dispersion transport shows a reaction with glucose occurring on
the plume fringes, as the entire solution volume injected is subject to the transport
and thus the plume bulk is initially unaffected by mixing with the background
solution. At the end of the experiment, most of the permanganate is still unreacted;
although the formation the brown MnQO; precipitate complicates the image analysis,
it is possible to obtain a global velocity for the plume, which results equal to 1.83E-
5+1.9E-7m s (or 6.58%0.7 cm h!) in good accordance with the velocity observed
for the conservative advective transport. From a qualitative standpoint, also the
plume shape at the end of the experiment is comparable.
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Figure 29) Plume shape after 150 minutes in the advective-dispersive transport experiment for the
conservative case (left) and reactive case (right); the yellow color on the plume fringes is MnO: resulting
from the permanganate reduction.

Analyzing the electrokinetic experiments, we can immediately notice a
significant difference in the fact that the reaction does not occur on the plume
fringes anymore, but it involves the plume bulk as a consequence of the different
transport mechanism. The applied electric field causes the displacement of
permanganate by electromigration but has no effect on the non-charged glucose or
the pore water. The immediate consequence is that a higher permanganate mass
participates to the reaction, hence higher reaction rates than the advective case are
expected, but also that the three cases — equal, low, high — are bound to lead to a
different degradation efficiency.

The similar color, in terms of RGB components, and the presence of a wide
transition zone increase the image analysis complexity to a point where the data
would no longer be of significance. No roundness and normalized area for the
permanganate ion will be presented, and qualitative image analysis and numerical
simulations will be used instead to discuss the phenomena at play. When
permanganate and background solution present a similar conductivity (equal ionic
concentration) the plume shape alteration is not extreme, the fronting effect results
in a lower reaction kinetic than in the plume bulk. The plume evolution for the
“equal” case also shows a significant consumption of permanganate, after 150
minutes a slight purple front is still visible in the set-up. The migration velocity
appears not to be affected by the reaction, comparing the unreacted plume position
(purple color) for the conservative and reactive case, the two centroids are close
together (Figure 28). The evidence from the “EK low” scenario pictures a very
different situation; immediately a much lower efficiency is observed in the
permanganate reactivity as after 150 minutes the unreacted plume is still clearly
visible; the same evidence results from a paler yellow-brown color of the reaction
byproducts (MnQO»). Also, while the reactive area is narrower on the longitudinal
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direction, the same extends more in the transversal direction than the “equal” case.
Another relevant difference, directly depending on the electromigration in “EK
low” conditions is the fact that the plume tail is initially less involved in the reaction,
as 90 minutes are required for the plume tail to exit the injection area introducing a
mixing limitation rather than a concentration limiting effect as in the “equal” case.
Lastly, for the “EK high” case the reaction occurs with a faster kinetics caused by
a higher permanganate concentration determined by the plume shrinking, which
also results in a reduced area of the set-up which is affected by the reaction (Area
of Delivery, AoD).

The mathematical model developed for the conservative transport can be
modified with a reactive term that accounts for the permanganate consumption, the
kinetic constant was determined empirically as no definite reaction pathway was
found for the oxidation of glucose by permanganate. The ability of the model to
correctly describe the concentration profile also allows the computation of the
reaction rates: the results presented in Figure 31 support the previous discussion.

To provide metric for the different reaction kinetics, a mixing area Amix can be
obtained, and the permanganate mass in the domain computed (Figure 32). The
mixing area is larger for the “EK low” and “EK equal” scenarios, for which the
electromigration and the background solution composition leads to an extended
mixing zone; the Amix increases to a maximum, then decreases due to the
permanganate consumption in the glucose oxidation. The mixing area is more
limited for the ADV and “EK high” scenarios, although the two trends present
similar values, it must be noted that the shape of the mixing zone is radically
different: in the “EK high” the lower Amix originates from the plume shrinking and
is also associated with higher reaction rates, while in the advection-dispersion case
the plume does not shrink and the low Amix refers to a reaction limited to the plume
fringes, hence associated with lower rates too. The mathematical model was applied
to compute the permanganate consumption upon reaction with the glucose (Figure
32); non-linear trends are observed in the residual permanganate concentration, and
a greater consumption is registered for the electrokinetic experiments. Specifically,
“EK equal” and “EK high” show the highest efficiency as expected by the higher
permanganate concentration and better mixing; the “EK low” scenario, despite a
larger Amix is also associated with a lower permanganate concentration, hence lower
reaction rate. It is possible to quantify such differences in efficiency; the simulations
show a 75% permanganate consumption over 150 minutes, whereas a 70%
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consumption is registered for “EK low” and only a 35% for the advection-
dispersion case.

An alternative estimate on the area of the set-up effectively interested by the
amendment delivery (Amix) can be provided by the plume path; the contour of the
plume path for the conservative experiments is reported in Figure 30 with three still
frames of the experiment (0; 60; 150 minutes). With advective transport the Area
of Delivery (AoD) value is 114 cm?, which increases for “EK equal” and “EK low”
due to the plume expansion with AoD equals 129 and 133 cm?, respectively. As in
the “EK high” scenario the plume shrinks, the AoD is lower than both other EK and
ADV scenarios, setting at a value of 83 cm?. However, the plume dynamics also
affects the local amendment concentration, which determines reaction rates and
contaminant removal as previously discussed.

4 \
\

5cm

Figure 30) Cross-sectional area crossed by the permanganate plume, hence interested by the glucose
oxidation. The blue line delimitates the entire glass beads area crossed by the plume, the spots refer to
the initial, half, and final time of the experiments and are added to put the contour line in context. From
top left clockwise: “EK Adv”, “EK equal”, “EK low” and “EK high” conservative experiments.
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Figure 31) Plume evolution for the dynamic transport experiments and simulated reaction rates, adapted
from Sprocati, et al. [65]. Part ‘a’ depicts the plume evolution using the collected photos, while part ‘b’
shows the reaction rates computed with the mathematical model, highlighting the differences between
the different scenarios.
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Figure 32) Mixing area referred to a threshold reaction rate of 2E-5 mol m s -! and permanganate
consumption; adapted from Sprocati, et al. [65]. Data were obtained as computed quantities from the
mathematical model, see Appendix for additional details
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3.4 Conclusions and implication for groundwater
remediation

The present study allowed to evidence that: i) electrokinetic delivery presents
significant advantages for reactive amendments compared to advection-dispersion;
i1) conductivity gradients must be considered in the design and optimization of an
electrokinetic delivery aimed to groundwater remediation, as charge interactions
introduce limitation to the amendment mass transfer, Area of Delivery, and reaction
rates. The evidence gathered allowed to highlight important mechanisms of both
scientific and practical relevance for the electrokinetic delivery of amendments. It
was possible to demonstrate that the pore-water chemistry and the resulting
microscopic Coulombic interactions can both limit and/or enhance the
electrokinetic delivery of charged solutes. A mass transfer limitation is imposed by
the background solution when the ionic concentration is lower than the injected
amendment.

For homogenous and permeable porous medium advective delivery does not
presents as many limitations as in low permeability layers, but the experiments
clearly demonstrate the advantage in the EK delivery for the degradation of
pollutants. For the advection-dispersion case the amendment reactivity is limited to
the plume fringes, thus reducing removal efficiency, increasing remediation times,
and possibly resulting in a waste of permanganate that exits the system boundaries
unreacted. The electromigration technique allows to eliminate the fluid transport,
thus achieving a complete mixing of the injected amendment which is evident from
the reactivity of the plume bulk as well as fringes. Notwithstanding the conductivity
gradient effects, in all cases the reaction rates and Area of Delivery are superior for
EK than advection. For real case implementation, important implications can be
found for contaminated sites in the vicinity of safeguard zones; the risk of
permanganate escaping from the site boundaries are much higher for the advection
case, and therefore additional measures are required (increased number of
monitoring wells, push and pull technique, etc.).

From the different EK scenarios, it was possible to evidence the effect of
electrodispersion, charge interaction and multicomponent transport on the
permanganate longitudinal and transversal distribution during electromigration. In
this perspective, the conservative experiments show:
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e In light of a theoretical migration velocity equal to the seepage velocity, a
slower migration (of about 33%) is achieved for the “low” and “high”
scenarios, while the velocities match in the “EK equal” case.

e A significant variation in the Area of Delivery is obtained: “EK equal” 129
cm?, “EK low” 133 cm?, “EK high” 83 cm?.

e An effect on the mass transfer of permanganate is determined by the
electrical conductivity gradients between amendment and background in the
“equal” and ‘“high” cases; in the former the local concentration is
homogenously reduced by plume expansion, while in the latter a local
concentration in the plume center with more diluted fringes is observed. In
all cases, the background concentration sets a limit to the mass transfer of
the injected amendment: the amount of injected charge which can be
effectively delivered is therefore determined by the background charge
concentration.

These results present a significant importance by themselves, as the same
focusing and defocusing effect is to be expected in heterogeneous porous media for
soil types, which strongly influence the background solution conductivity (clays,
silts, etc.). A characterization of the local soil conductivity appears pivotal for the
correct design of an electrokinetic delivery procedure in such conditions to prevent,
for example, the bypass of layers with lower electrical conductivity. When extended
to the delivery of amendments in a contaminated porous medium, the plume
dynamics observed play a fundamental role in reaction kinetics, reactant
consumption and efficiency.

Firstly, the different mixing mechanism drastically modifies the limiting
variable for the reaction, moving from a mixing limitation for the advective case,
to a contact time in the EK delivery for which mixing is complete. It also follows,
referred to the same system (or contaminated site, for a real application) extension,
the EK delivery allows a more efficient use of the amendment, while the majority
of permanganate results unreacted at the end of the hydraulic transport: using the
mathematical simulation (color interferences prevents us from using the collected
pictures) a 35% permanganate consumption is estimated in the advective case, a
75% for “EK equal” and “high” and a 70% for “EK low”. Secondly, the delivery
under the influence of electric fields allows to modulate the Area of Delivery by
tuning the amendment conductivity with respect to the background solution, that is
not possible in the conservative delivery in the reactive case:
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e The greater AoD for the “low” case is associated with a lower local
concentration, hence reduced reaction rates. At the end of the delivery
experiment, a significant amount of permanganate is still unreacted.

e The lower Aol for the “high” case results in a higher local concentration and
faster reaction rates, consuming almost all the injected permanganate.

Given the complexity of the process and the interdependence with the system
variables and remediation goals, it is not possible to determined which scenario
provides the greater efficiency, rather a case-by-case evaluation is required. In the
present study the greater distance is traveled in the “EK equal” and “EK high”
scenarios, with a similar permanganate consumption but given the greater plume
extension in the “equal” case, a greater aquifer volume is remediated. It is true that
a greater glucose oxidation is likely to be achieved in the “EK high” scenario,
however in most cases a complete degradation in a small portion of the aquifer is
not the remediation target, the objective is rather lowering the concentration below
the legal limit. In this context the “EK high” case represents a highly effective use
of the permanganate but entails a low efficacy, as the results may overachieve the
remediation target, while an “EK equal” approach appears optimal. The “EK low”
scenario, on the other hand, results in a wider Delivery area and a more uniform
oxidation, which in some cases can prove the best delivery method to maximize the
permanganate use and reduce, for example, the number of injection wells. However
different scenarios can be pictured, for example when operating the remediation in
a limited domain (e.g., if the contaminated site is contiguous to a water body), the
“EK low” scenario is highly undesired as a greater amount of amendment would
escape and possibly contaminates previously clean aquifers. In such conditions, a
fast permanganate consumption is to be preferred, hence an “EK equal” or “EK
high” delivery should be implemented.

Among the results, the mathematical model developed and validated with the
experimental results can prove of strategic importance in devising the optimal
injection and delivery strategy. The simulation of the conservative transport
provides a very good description of the electromigration observed during the EK
experiments, both in terms of velocity and plume dynamics. Using an empirical
kinetic constant for the oxidation of glucose by permanganate and an unknown
stoichiometry, the model predicts the system evolution with good accuracy in terms
of permanganate consumption, plume dynamics and migration velocity. The gained
mechanistic understanding of the coupled electrokinetic transport, the influence of
the background solution conductivity and resulting plume dynamics can prove
instrumental in increasing the performances, in terms of efficacy and efficiency, of
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delivery strategies. These are not limited to ISCO and ISCR but can also be applied
to deliver nutrients (lactate, ammonium, sulphate [163]), bacteria and
microorganism in different remediation strategies. Thanks to the mathematical
model ability to describe the delivery outcome, in both conservative and reactive
regime, it can be used as a decisional support for the choice of the reactant
concentration to operate in the “equal”, “low” or “high” scenario and tune the
Delivery area and reaction kinetics to the specifics of the site under remediation.
The general mechanism of conductivity-limited delivery is not limited to permeable
aquifers but can also be extended to heterogeneous porous media containing low
permeability inclusions (clay, silts), where electromigration represents an effective
strategy to overcome the low hydraulic permeability.
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Chapter 4

Electrokinetic delivery of reactants
in low permeability zones

4.1 Literature background and motivations

The delivery of soluble reactants is widely applied for the in-situ
decontamination of groundwater and subsoils from different class of pollutants, for
example organic compounds and heavy metals [20, 173, 174]. Based on the type of
reactant used to promote the transformation of the pollutant in less toxic or non-
toxic compounds two main techniques are identified: In-Situ Chemical Oxidation
(ISCO) and In-Situ Chemical Reduction (ISCR). The former class uses an oxidant
as reactant, and thus is highly effective on organic contaminants (VOC, NAPL, etc.)
while it can cause a mobilization of heavy metals (and increase their toxicity, in the
case of Cr'/Cr'!) [10, 17, 20, 24]; ISCR employs reducing agents and can
effectively promote the decontamination from both organic pollutants [173, 175]
and heavy metals [174, 176]. In both cases, the direct delivery and subsequent
reaction of the amendment in the aquifer prevents the extraction of the
contaminated phases (water, soil) and a reduces the risk of extending the
contamination during their handling and transport to the landfill or purification
facility required in ex-sifu remediation [7, 9, 12]. Large scale applications of both
ISCO and ISCR have been performed in different countries and succeeded in the
site decontamination, proving the validity and potential of such approach [17, 20,
24]. The delivery of the reactant, them being oxidants or reductants, is usually
performed by their injection from wells or boreholes and advective transport in the
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porous medium [13, 17, 24]. Consequently, a careful characterization of the
subsurface lithology and hydrogeological characteristics is paramount for a
successful application and the attainment of the remediation goals. The advective
delivery of solutes is strictly dependent from the medium hydraulic conductivity,
and soil types as clays or silts are usually inaccessible to the advective flow and
thus to the reactants [7, 10, 17, 20]. The presence of low permeability inclusions in
a sandy aquifer will likely result in preferential flow paths and ‘dead zones’ where
the reactant cannot be delivered, except via diffusion in extensive time, which are
then excluded from the decontamination. Also, the contaminant diffusion in the
low-permeability regions (especially in the case of DNAPL) creates long-lived
secondary sources which lead to a slow release of the contaminants by back
diffusion [23]. The possibility that the release from the secondary source zones
determines a pollutant concentration exceeding the cleanup standards bears
important implications in the remediation design and site management.
Specifically, treatment trains (continued or repeated application of a remediation
procedure) can be applied, but the use of short-lived amendments such as soluble
oxidants and reductants may not be an effective solution [7, 10, 17, 20, 23, 24]. In
this framework, the electrokinetic delivery of reactants can potentially represent a
valid solution to overcome the delivery limitations in low-permeability regions, and
to target the secondary sources preventing or limiting the contaminant back
diffusion [11, 13, 23, 45, 177].

Electrokinetic delivery is a general term used to identify transport processes
based on the application of a direct current to the aquifer system, the resulting
coulombic interactions determine a driving force acting on solutes and colloids
contained in the system that allows the electric conduction in the medium [36, 37,
56]. Three main transport mechanism are identified: electromigration, acting on the
ionic charge in the solution bulk, electrophoresis, acting on the colloidal particles,
and electroosmosis, acting on the ionic charge involved in the electric double layer
at the grain surface [36, 37]. When referred to soluble reactants, as in many ISCO
and ISCR applications, the electrokinetic transport is controlled by electromigration
(EM) and electroosmosis (EO). The former consists in the coulombic attraction of
point-charges; hence no frictional or viscous force is involved: ions are attracted to
the electrode with opposite charge; electroosmosis consists in a fluid flow with a
flat velocity profile, which in most cases is independent from the pore radii and is
directed towards the electrode bearing the same polarity of the porous medium. Due
to their nature, both processes are not affected by the soil hydraulic conductivity in
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most natural conditions [11, 13, 66, 177] and thus low permeability layers become
accessible to the injected amendments.

From a simplified simulation performed in COMSOL® it is possible to
visualize the hydraulic and electric streamlines, directly comparable with the
migration velocity field; for the hydraulic flow, the available data on medium
porosity and permeability were used, while for the EK-driven simulation the
complex conductivity (which means, considering the effect of the porous medium)
was computed using the simplest formulation of Archie’s law and average
parameters found in the available literature. The images reported in Figure 33
clearly show that in the case of electrokinetic-drive transport the velocity field
crosses the clay inclusion, while bypass occurs in the hydraulic scenario (refer to
captions for more details).

Hydraulic delivery EK-driven delivery

Sand permeability : 2E-3 m/s Solution conductivity: 1500 uS/cm

Clay permeability : 1E-9 m/s Sand conductivity: 450 uS/cm
Fluid velocity : 0.85 m/day Clay conductivity: 1160 uS/cm

Figure 33) Simulation of velocity field for a heterogeneous porous medium in the presence of a hydraulic-
(left) and electrokinetic-driven (right) transport. Values for hydraulic permeability of sand are obtained
from previous experimentation [178, 179], whereas for sand an average value is used from literature;
electrical conductivity values are obtained from experimental measures. The color scale is binary, used
to better visualize the different properties of sand and clay. The reading is the following Red>Blue. The
black lines represent the advective flow line in the first case and the electrical streamlines in the second.

However, it is important to correctly evaluate the extent of both EM and EO
given their nature (see Figure 35). Most reactants for ISCO and ISCR are anionic
species (Table 6), and thus EM causes their transport towards the anode. At the

same time natural soils usually bear a negative surface charge, resulting in an
electroosmotic flow (EOF) that opposes EM.

Table 6) Common reactants for ISCO and ISCR applications

ISCO amendments ISCR amendments
Permanganate MnOs  Sulfur based reductants XS™
Persulfate S20s~
Sulfate radical SO4*
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Figure 34) Schematic description of electroadvective forces acting (from left to right) on neutral,
positively, and negatively charged species in a porous media subject to an electric gradient.

It is important to notice that the contaminant will also be subject to: 1) the same
EOF than the amendment, ii) an EM flux determined by its chemical properties; it
follows that the mixing of the two species depends on the force balance but as a
general approximation it can be assumed that: i) mixing always occurs with
opposite charged reactant and contaminant, ii) mixing is likely to occur for a
charged reactant and a neutral mobile contaminant, and iii) mixing must be
evaluated for equally or neutral reactant and contaminant.

Different studies have focused on the electroosmotic flow in clay and other
fine-grained soils, initially when EOF was used to promote soil dewatering as a
consolidation method [34, 180, 181] and later when the applications were extended
to contaminant extraction for groundwater and soil remediation [40, 61, 62, 122,
182, 183]. The extraction of both heavy metals [38, 61, 62] and organic compound
[62, 122, 184] was achieved and sometimes coupled with electrolyte modifications
(pH, surfactants, ligands) to improve contaminant mobility and extraction
efficiency. Recently, more and more studies focused on the possibility to operate a
direct delivery of amendments, in the form of both solutes [43, 45, 177] and
nanoparticles [44, 143, 155], in soils with low hydraulic permeability. Most
literature experimental works approach homogenous porous media that are
composed solely by the clay or the generic low-permeability soil under study (e.g.,
marine sediments) [63, 153, 155, 185, 186]. The results show that electrokinetic
transport is effective in allowing the delivery of amendments in soils otherwise
seldom accessible to hydraulic flow, which would require delivery only by
chemical diffusion [99]. These studies also brought to attention the high sensitivity
to the system boundary conditions. Some literature works have focused on the
delivery of soluble amendments, such as permanganate for ISCO remediation [66-
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68], showing that pH plays a pivotal role and can radically modify the migration
and delivery rates. A first study [66] approached permanganate transport in 1D
systems, specifically cylindric columns, in homogenous and heterogeneous
conditions; the latter were obtained packing the column with two layers of sand
enclosing the clay (kaolinite) in the central column section. In both cases, pH-redox
conditions in the electrode chambers proved to be detrimental to the migration,
causing MnOys reduction (to MnO») and precipitation: permanganate cannot be
dissolved in the buffering electrolyte, but has to be injected by a well (or borehole)
without a working electrode (which is, an electrode used to apply the electric field).
In all the cases explored by the author under heterogeneous conditions
permanganate was not delivered in the low permeability region of the column, and
the results also point to a significant influence of EOF, which appears to trump
electromigration. Further studies on the permanganate transport were conducted by
Hodges et al. [67, 68] in an apparatus that allowed to eliminate pH effects and an
effective and consistent delivery of permanganate in clays was achieved, by using
a complex apparatus and suggesting complex operations for the pH control. Lastly,
delivery experiments were performed in a 2D geometry with different low-
permeability lenses configurations [45, 152] using ultra-fine glass beads in the first
case and a fine silt (from ground silica) in the second study: in both cases delivery
in the low permeability region was achieved, showing the potential of electrokinetic
delivery for those soil conformations most challenging for the traditional advective
delivery methods. However, the authors mention that in experiments on kaolin clay
delivery proved difficult to achieve [152]. Moreover, both studies were performed
coupling hydraulic electrokinetic delivery to achieve the transport of permanganate
in the low-permeability regions, introducing the amendment on the entire set-up
cross section thus eliminating the possibility of flow bypass, thus limiting the
scalability to a real case scenario. Lastly, from a reactive approach, Chowdhury, et
al. [45] address the issue of back diffusion from low permeability layers but do not
address the reactivity within the layers themselves.

The aim of the present study is to improve and optimize the use of
electrokinetics for the delivery of reactants in low permeability medium for
groundwater and subsoil remediation, specifically: 1) overcoming the permanganate
stalling frequently observed [66-68]; ii) proving the ability of the delivered
amendment to explicit its reactivity under the electric field in the low permeability
layer; iii) performing and optimizing a delivery of an amendment in a low-
permeability layer. The first part of the study, addressing points i and ii, was
performed in 1D geometry, while to achieve the last objective, a 2D system
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analogous to the one used in Chapter 3 was employed to create a sandy porous
medium containing a low-permeability inclusion; the latter allowed to include in
the study the effect of transversal dispersion (both hydraulic and electric).

4.2 Amendment delivery and reaction in 1D geometry
4.2.1 Materials and methods

Experimental apparatus

The experiments were performed in a self-constructed 1D system, comprised
of a plastic (PVC) square pipe that was modified to create a tank similar to the one
used in Chapter 3, only with a smaller size and reduced geometry (Figure 35).
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Figure 35) Schematic representation of the experimental set-up

The use of square over circular geometry was preferred, as a curved surface
complicates the collection and interpretation of images during the experiment,
introducing reflexes and increasing the required depth of field to obtain in-focus
pictures. The set-up size was 240x25x25 mm, and it was divided in two electrode
chambers (length 60mm) and a porous medium section (length 120 mm) separated
by two bulkheads with a circular mesh covered by a HDPE mesh filter (pore size
105pum) to confine the sandy porous medium. The clay layer was placed at the
center of the porous medium section and had a length of abt. 30 mm, while it
extended over the entire set-up cross-section. Each electrode chamber was equipped
with an electrode slot and two holes to insert the tubing for the recirculation system.
The electric potential was applied using graphite rod electrodes (& 6mm) connected
to a DC power supply operating in constant voltage mode providing a potential
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gradient equal to 3 V cm! across the entire system. The local electric potential in
the porous media was monitored using wire electrodes (o 0.8mm, exposed tip)
across the entire medium (EL2) and the first half, specifically the first sand section
and half the clay inclusion (EL2).
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Figure 37) Detail of the 1D column prototype shot during the preliminary system testing, probe
electrodes are installed on the rear side. The screws and polystyrene blocks were used for a consistent
placing of the column in the set-up with respect to the DSLR camera.
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Porous medium and solutions

The sandy porous medium used in the experiments was a quartz sand, while
kaolin was used as low permeability inclusion; the principal porous media
parameters are reported in Table 7. The background solution was prepared to
simulate the complexity of a groundwater using different salts to obtain a TDS value
of 0.82 g L'!; the detailed composition of the solution is reported in

Table 8. To overcome the limitations in delivery observed by Roach [66], a
buffer solution was recirculated in the electrode chamber to neutralize the
electrolysis products and prevent pH fronts to significantly modify the
electrokinetic properties of the porous medium. A phosphate buffer was selected,
to maintain a neutral pH similar to the one of the background solutions; the
monobasic/dibasic potassium phosphate ratio is defined by the final pH, while their
absolute concentration was selected to provide the same conductivity of the
background solution in order to reduce the system variables; the detailed
composition and properties of the solution are reported in

Table 9. For the non-reactive delivery, the buffer concentration was
respectively increased and reduced by a 2.5 factor to explore lower and higher
conductivities.

The contaminant solution was prepared using methylene blue dye at a 0.1 g/L
resulting in a conductivity of abt. 1400 uS cm™!, comparable to the background and
buffer properties. The use of a dye allows for a direct visualization of the
contaminant and any variation occurring during the experiments, since sampling
from the low-permeability layer is a complex operation that can radically alter the
process. Lastly, potassium permanganate and a sulfur-based reducing agent were
employed as representative amendments for the ISCO and ISCR remediation at a
respective concentration of 11 mM and 8 mM to ensure the same electrical
conductivity of the background solution, using the terminology of Chapter 3 this is
an “equal” case; this means that the electrodispersion of the plume is minimized,
limiting the variable affecting the plume dynamics.

Table 7) Technical data for silica sand and kaolin clay

SILICA SAND KAOLINE CLAY

Bulk density (g cm™) 1.4-1.5 0.35
dso (um) 280 1.5
Porosity 0.45
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Hydraulic conductivity (ms™') 1.72E-3 <2E-8

Table 8) Synthetic water composition and properties

KH2PO4 (gL 0.061
NaHCO3 (gL 0.042
NaCl (gL 0.538
NH4Cl (gL 0.05
CaCl; (gL 0.056
MgSO4 (gL 0.073
pH (units) 6.8

Conductivity (uScm™) 1470

Table 9) Composition and properties of the phosphate buffer for the reactive delivery

KH2PO4 (gL 0.254
K2HPO4 (gL 0.980
TDS (gL 1.234
pH (units) 7.5

Conductivity (uScm™) 1420

Experimental procedure

The 1D set-up was filled with a wet-packing procedure; prior to its use the sand
was washed to remove colloids and other impurities and then rinsed with deionized
water. Before packing the column, the appropriate volume of sand was washed with
the at least 5 pore volumes of the background solution which will saturate the
system. The clay layer was prepared from the clay powder, which was mixed with
the contaminant solution to a 96%yv,w using a spatula to obtain a homogeneous paste
without lumps and introduced in the porous medium section using a large bore
syringe. In the non-reactive experiment, the clay paste was prepared with the
background solution instead. Table 10 reports the main parameters value for the
different experiments.

Prior the reactive experiments, a batch degradation of Methylene Blue by the
selected oxidant and reductant was performed in solution, collecting the UV-Vis
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spectra of the reactants and byproducts of the reaction, to verify the effectiveness
of the decolorization. The concentration employed were significantly different with
respect to those for the delivery experiments due to elevated absorption and
saturation of the detector.

The experiment procedure was the following: after the column was packed and the
recirculation system at regime the background potential was recorded, in this time
1 mL of oxidant or reductant was injected in the column about 25 mm downstream
the cathodic bulkhead. The power supply was then activated, providing the 3 V cm™
! potential gradient, and initiating the electrokinetic phenomena in the system.
Photos were collected every 5 minutes using a Nikon D500 camera equipped with
a Nikkor 17-55mm DX lens; to ensure consistent exposure, the camera was set
manually, and the columns were placed in a photographic lightbox with controlled
illumination. Input current and potential in the porous medium (EL1 and EL2) were
measured using a digital multimeter equipped with a multichannel acquisition
system (multiplexer) collecting data every 5 minutes.

Using the collected images it is possible to extract the plume velocity for the
different experiments using ImagelJ software [169]. The enhanced color images
were obtained subtracting to the desired frame the photo of the column prior the
reactant injection; the image in Figure 51 was obtained subtracting both the initial
and final stage of the column for the first delivery cycle; in such way both
permanganate and modification in the contaminated clay layer are greatly
enhanced.

Table 10) Summary of experimental conditions (main parameters) for the non-reactive tests

Electrolyte conductivity Vo Clay pore solution
Background Buffer Input Composition  Conductivity
Non-reactive 6p<es 1470 uScm” 570 pSem’ 310 Vm!  Background 1420 pS cm
o5=6s 1470 pScm’' 1420 uScm?! 310V m' Background 1420 pS cm
68>6s 1470 pScm” 3650 uScm?! 310 Vm'  Background 1420 pS cm
Reactive o8=6s 1470 uScm’' 1420 uScm! 310 Vm' Methylene Blue 1450 uS cm

V® — Input: potential applied across the working electrodes.
Clay pore solution: solution used to prepare the 96%V/W paste to pack the column; conductivity refers to the
free solution
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4.2.2 Experimental results

Non-reactive delivery in the clay layer

The first tests focused on the simple delivery of permanganate in a non-
contaminated clay inclusion to verify: 1) the efficacy of the buffer recirculation in
preventing permanganate stalling during transport [66], i1) determining the effective
and homogenous delivery in the clay layer, and iii) optimizing the delivery
procedure. In all three experimental conditions — with a buffer conductivity Lower
(oB<os), Equal (o=cs) and Higher (o>ocs) than the one of the background
solutions and the permanganate — an effective delivery can be observed. In Figure
38 a section of the column across the longitudinal axe is presented. The
permanganate plume is homogeneously distributed in the core of the clay layer, thus
preferential transport at the interface of the clay with the column walls can be
excluded, and the ability of electromigration to access low permeability media is
confirmed. Limited pH variations were detected in the electrode chambers; thus,
the buffer recirculation is effective in preventing pH fronts to migrate in the set-up
and cause permanganate stalling slowing of preventing its delivery in the porous
medium.

Longitudinal cross section
exposing clay core

Figure 38) Longitudinal section of the porous medium exposing the clay core. After desaturation,
the entire porous medium extracted flipping the column over (hence the top layer results flat, and
the bottom layer irregular).

It was also observed that the conductivity of the buffer solution, contributing to
the system total resistivity, significantly modifies the circulating current and
consequently the potential in the porous medium. Referred to a buffer conductivity
equal to the background, higher currents and potentials were observed in the case
of a more conductive buffer, while lower currents and potentials for a less
conductive buffer; results are summarized in Figure 39 and Table 11.
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Table 11) Current, potential gradients, measured velocities, and travelled distance for the delivery
experiments.

TEST Current Gradient EL1 Gradient EL2 Initial 3::72;16 cde
(A) (V/m) (V/m) velocity(m/s) (em/6 hours)
G6B<0S 4.3E-3 210 210 7.3E-6 6
GB=0'S 6.3E-3 345 278 9.9E-6 3.1
GB>0S 6.9E-3 420 342 1.1e-5 8.2

A significant decrease in initial velocity (abt. 30%) is observed for a buffer less
conductive than the background solution, while a slight increase is observed for a
more conductive buffer (abt. 6%); it is also interesting to notice that the velocity
general trend remains unaffected.

From the time lapses presented in Figure 41-Figure 43 it is possible to observe
that the different velocities do not affect the ability to deliver the amendment in the
clay layer. However, it is important to consider the time required to achieve the
same penetration of permanganate; in the present set of experiments over a total
time of 6 hours only the Equal (os=cs) and High (os>cs) case allowed the
permanganate to reach the sand layer downstream the low permeability inclusion.
An additional consideration can be made on the power consumption required for
the delivery; in the present experiments higher currents were obtained by a
modification of the system resistivity: it follows, the potential gradients in the
porous medium are increased with a lower power consumption that would derive
by increasing the input voltage.
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Figure 39) From top left clockwise: input potential gradient, input current, potential gradient in
the porous medium for the different buffer concentrations. Half-column potential was measured between
ground electrode (cathodic side) and the probe electrode in the clay inclusion; potential in porous
medium was measured across the entire packed column.
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Figure 40) Migration velocity for the different buffer concentrations; the arrows indicate the time at
which the plume reaches the clay layer.
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Figure 41) Plume evolution in the delivery of permanganate (enhanced colors) for equal conductivity -
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Figure 42) Plume evolution in the delivery of permanganate (enhanced colors) for higher buffer
conductivity - 6p>0s
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Figure 43) Plume evolution in the delivery of permanganate (enhanced colors) for lower buffer
conductivity - op<cs
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Decolorization of methylene blue

The batch decolorization experiments (Figure 44) show that both oxidation and
reduction are effective in transforming MB; it is also possible to notice that while
the reductant does not lead to byproduct with a significant visible color,
permanganate produces a strong background due to the formation of colloidal
MnOQO,. The test supports the ability of both reactants to transform completely MB
and produce a change in color, thus providing visual evidence for the process.
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Figure 44) Left: UV-Visible spectra of the reactants (Methylene Blue dye, oxidant, and reductant); right:
their mixture after a batch decolorization.

The results of the reactive experiments are presented using a collection of the
pictures taken during the tests, reported in Figure 46 and Figure 50. At first glance,
both the oxidant (permanganate) and the sulfur-based reductant are effective in
promoting a decolorization of the methylene blue, which does not show
mobilization from the clay layer in the 30-70 minutes required for the amendment
to reach and penetrate the inclusion. However, when the two process are analyzed
in detail, significant differences are detected between the two applications.

During the oxidative decolorization the permanganate migration in both the
sand and the clay layers can be followed visually; a progressive compression of the
plume is observed while approaching the inclusion with a resulting increase in
concentration. When the permanganate has reached the clay layer, a sudden
modification in the color is observed, the blue dye is consumed by the
permanganate, which is reduced to the brown colloidal MnO>. The first injection
affects a clay area equal abt. 24% of the inclusion (1.3 cm?), the plume shape
presents a sloping profile, but it is homogenous on the entire inclusion height, no
voids or blue spots are observed. When a second injection is performed, the
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migration in the sand layer occurs normally but no effective delivery is observed in
the clay. On the other hand, a bypass of the previously remediated layer is observed:
in Figure 45 from 210 minutes it is possible to notice a slight purple color in the
middle of the clay section but no evident change in the blue color.

The reductive decolorization application does not allow to follow the
amendments migration, due to its lack of color; however, it is possible to observe
the progressive decolorization of the clay layer. Compared to the oxidant, the first
delivery of amendment affects and area equal to 16% of the inclusion with a slightly
different profile shape but still homogeneous distribution along the vertical
direction. Contrarily to the previous test, a second injection does result in an
effective delivery of the remediated area in the clay, which reaches the 26% of the
entire longitudinal area. The main experimental results are summarized in Table 12,
they will be discussed in detail in the following sections.

Table 12) Main experimental results for the oxidative and reductive decolorization of methylene blue

VELOCITY IN VELOCITY IN CLAY AREA
DELIVERED SAND (m/s) CLAY (m/s) AFFECTED
AMENDMENT First Second First Second First Second Total
Injection injection injection injection injection injection
Oxidant 9.93e-6 8.88e-6 4.05e-6 n.q. 24% 0% 24%
Reductant n.q. n.q. 1.02e-6 8.33e-7 16% 10% 26%

n.q.: not quantifiable due to lack of color or low color intensity

Initial time 30 minutes 50 minutes
70 minutes 90 minutes 110 minutes
130 minutes 150 minutes
= 5 New permanganate
1 injection
170 minutes 190 minutes - 210 minutes

230 minutes 250 minutes
: - ;
! 2cm

Figure 45) Oxidative decolorization of the contaminated low-permeability layer by permanganate

93



Initial time S0 e

130 minutes

_240 minutes S0 minutes

I—
2em

Figure 46) Reductive decolorization of the contaminated low-permeability layer using a sulphur-based
reductant.

For the permanganate delivery, the plume front displacement was used to
measure the migration velocity; it is possible to notice an initial constant value of
abt. 0.063 cm min™' which decreases closing to the low permeability inclusion likely
due to the opposing electroosmotic flow. The medium modification resulting from
the first remediation stage also reflects on the migration velocity: the second
permanganate plume migrate at a lower velocity which does not decrease
approaching the clay inclusion and does not penetrate the clay layer with a
homogeneous front.
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Figure 47) Migration velocity of the permanganate plume in the two stages of the oxidative remediation
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Given the colorless nature of the reducing agent selected for the reductant
delivery, the migration velocity in the sand layer cannot be determined by the
photos collected. For transport in the clay layer, the expansion of the decolorized
area can be used to quantify the migration velocity of the amendment. The average
front velocity in the clay results equal to 0.00596 cm min' for the first injection
and equal to 0.00612 cm min™! for the second; the measured velocities are reported
in Figure 48. Compared to the application of the oxidant, a reduced variation over
time of the plume velocity is observed, the effect of the second injection of
reductant can be observed starting from 200 min, which is the time required to
migrate in the sand layer and the already decolorized clay. Using this point as
starting reference for the second injection, which is, showing the expansion of the
affected area in the clay, it is possible to observe the same trend of the first delivery
only slowed down by the modification of the porous medium.
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Figure 48) Velocity of the decolorization front in the clay layer (left) and comparison of the two injections
delivery rates (right)

The current circulating in the circuit is reported in Figure 49 for both the
experiments. It is possible to observe that the initial current value is similar for the
two systems, as expected given the equal electrical conductivity of all the solutions,
and the two systems present similar trends in the circulating current. The measure
of the potential within the porous medium for the ISCO experiment showed a value
across the entire porous medium equal to abt. 3.5 V cm!, while the potential in the
first section (EL1) equals abt. 2.8 V cm™!; both values show a limited variation over
the entire experiment (standard error = 2 mV). The potential in the reductant
delivery experiment shows significant variations over time that prevents their use
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for further comparison since the reducing agent could be interacting with the
electrode material introducing a bias in the measure.

ISCO experiment ISCR experiment
0.008 4 0.008 4 First injection
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Figure 49) Current circulating in the system to grant the 3 V em™! potential gradient.

To investigate further the permanganate stalling, from the results displayed in
Figure 50 the bypass of the second permanganate injection becomes evident though
no reaction is noticed (a green halo can be clearly seen downstream the clay layer).
Applying the processing to the 80min frame in Figure 45, we obtain an image
showing both the MnO> residues (blue) and the advancing permanganate plume
(green) within the contaminated clay layer (yellow). Such evidence confirms that
the decontamination reaction occurs as soon as permanganate enters the clay layer
and the remaining plume crosses an area already containing MnO: nanoparticles,
which however appears not to oppose the migration of the plume tail still in the
upstream sand. Such evidence is suggesting that the modification responsible for
the failure of the second delivery evolves over time and is likely caused by the
formation of a colloidal solution in a medium highly responsive to surface
modifications which reflect on the electroosmosis rates opposing the
electromigration responsible for permanganate delivery.

96



Initial time _60 minutes

120 minutes 300 ts

2cm

Figure 50) Enhanced color images showing the system evolution during the ISCO decolorization of the
methylene blue dye in the clay layer.

Figure 51) Enhanced color image showing the advancing MnO4 plume in the clay layer and the
methylene blue degradation.
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4.3 Amendment delivery in low permeability regions in
2D geometry

4.3.1 Introduction

The previous experiments, in accordance with the available literature [11, 45,
67, 153], demonstrated the ability of electrokinetic transport to deliver amendments
in low permeability layers surrounded by a sandy porous medium. It is widely
known that amendments delivery in low permeability porous media still presents a
technological challenge in groundwater remediation [7, 11, 16, 24] as hydraulic
flow tends to bypass such areas, which are accessible almost exclusively via
fracturing or chemical diffusion [177]. Both approaches present significant
drawbacks: the former causes a non-homogenous distribution of the amendments
while the latter requires extensive time and residence time of the amendments.
However, while in 1D geometry the flow path for the permanganate plume during
EK delivery is confined by the system boundaries, in 2D geometry transversal flow
path are also present that can significantly affect the amount of reactant effectively
delivered in the low permeability layer. The available literature exploring 2D
geometry structured the experiments with an injection extending on the entire set-
up cross section [45, 63, 152] thus eliminating the possibility to observe transversal
transport mechanism. In homogenous porous media the eventual conductivity
modification of the conductivity caused by the pore structure, due to tortuosity or
charge interactions [53, 133, 134], affects the whole system equally. In the case of
a low-permeability inclusion, especially for clayey soils, the dependency of the
surface charge from pH and lonic Strength significantly increases the complexity
of the system, especially since other factors besides tortuosity and physico-chemical
properties of the soil solution, for example Zeta Potential, Electric Double Layer
thickness and solution salinity contribute to conductivity in porous media [74, 75,
100, 130, 131]. As the clay layer is non-mobile, except for an eventual colloidal
mobilization, it results in a permanent conductivity discontinuity in the system
causing a focusing or defocusing of the electric streamlines if its conductivity does
not match the one of the sandy backgrounds. Also, an electroosmotic flow
component of greater magnitude that the one in the sandy medium is added in the
system, which interacts with the amendment plume and contributes to the total mass
flux.
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Figure 52) Electromigration flow components of electromigration and electroosmosis
for solutes in a heterogeneous system with a clay inclusion (grey) in a sandy medium

(beige)

It follows that the same electric filed streamlines focusing and defocusing apply
to both the injected reactant and the low permeability inclusion; hence the choice
of electrokinetic strategy is pivotal in determining the delivery efficacy and
efficiency, thus reaching the remediation goals. The present study applies the same
experimental approach presented in Chapter 3 to achieve the electrokinetic delivery
of a spot injection of permanganate in a clay layer contained in a sandy porous
medium. To this end, the knowledge gathered by the previous experiments was
applied in defining the best system conditions, proving the importance of the results
obtained so far; to benchmark the potential of EK the advective delivery is also
explored and presented as a comparison.

4.3.2 Materials and methods

Experimental apparatus

The experiments were carried out in a 2D tank set-up with internal dimension
equal to 600x210x11 mm, comprised of a plastic frame that supports two side
panels; the frame is equipped with 16 injection ports on the sides which allow the
connection to a multichannel peristaltic pump to create either the desired hydraulic
flow for the advective case or for the buffer recirculation in EK experiments. The
entire set-up was packed with the porous medium in the hydraulic delivery test,
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while for the electrokinetic experiments, the set-up was divided in two electrode
chambers and a central section (dimensions 500x210x11 mm), which is filled with
the porous medium, similarly to the experiments discussed in Chapter 3. A
removable top frame was created with specific slots for a consistent placing of the
meshed bulkheads delimiting the electrode chambers, of injection well and
electrodes (Figure 53 and Figure 54).

Top view

Side view Frame for consisten insertion of bulkheads, graphite electrodes and potential probes.
Larger apertures are for porous medium packing

(enlarged)

Model frame side with
16 injection ports for hydraulic flow

Porous medium section 1

Electrode chamber

2
5
£
2
|5}

Front view

Figure 53) Additional details on the 2D set-up structure, displaying the injection ports on the sides and
the top frame used for a consistent placing of the bulkheads and electrodes. See Figure 55 for

comprehensive schematics.

The working electrodes (namely, the electrodes used to apply the DC current)
are graphite rods sized =6 mm and L=300 mm. They were placed at a distance of
550 mm, submerged in the electrode chambers, which do not contain the porous
medium but only the recirculating solution. Monitoring electrodes (wire electrodes,
exposed tip 2mm, depth 120 mm) were placed abt.10 mm from the bulkheads to
monitor the potential gradient in the porous medium (electrode distance 480mm), a
second pair of electrodes was placed to measure the gradient across the clay
inclusion (electrode distance 90 mm).

Figure 54) Photo of the experimental set-up for 2D tests, the recirculation system is behind the tank
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Figure 55) Schematics (not in scale to improve readability) of the 2D set-up used for the EK assisted delivery tests.
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Porous medium and solutions

The same sand (Dorsilit quartz sand) and clay (kaolin) used for the 1D
experiments were employed (see Table 7 for their properties) and the same
preparative and packing procedure applied. The background solution for the
advection test was a carbonate/bicarbonate buffer, to provide a background density
and prevent gravity sinking of permanganate; the buffer concentration was set to
obtain a pH of 9 and a TDS concentration equal to 0.76 g L''. The electrokinetic
delivery was performed saturating the porous medium with a synthetic water [187]
to simulate a real groundwater composition, the concentration was increased with
respect to common groundwater salinity to allow a higher permanganate
concentration and a better quality of the photos used to follow the plume evolution;
the synthetic water solution (SWS) composition is presented in Table 13. The
specific background solution was also used to prepare the clay paste as previously
described. The permanganate solution was prepared at a 0.948 g L', corresponding
to 6 mM, a 10 mL volume was injected using a syringe with a modified needle to
reach the desired set-up depth, centered at the half-height of the clay layer. For the
EK delivery, such concentration presents a conductivity equal to a third of the
background solution, resulting in an ‘EK high’ scenario. Lastly, to neutralize
electrolysis effects in the EK delivery, a carbonate buffer (pH 9) was recirculated
in the electrode chambers, the same solution conductivity of the soil solution was
adopted (Table 14).

Table 13) Composition and properties of the synthetic water solution

KH:PO4 (el 0122
NaHCO3 (gLh 0.084
NaCl el 1.075
NH4Cl (gL 0.100
CaCl (gL o111
MgSO4 (gL 0.301
TDS (gL 1.640
pH (units) 6.8

Conductivity  (uScm™) 2950
Ionic strength (mM) 28.9
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Table 14) Composition and properties of the recirculating buffer

NaHCO3 (gL 2.462
Na2COs3 (gL 0.170
TDS (gL 2.632
pH (units) 8.9

Conductivity  (uS cm™) 2900

Experimental procedure

A wet packing method was adopted to fill the set-up with the porous medium;
previous to its use the sand was washed thoroughly to remove most of the colloids;
the day before the experiments the sand was rinsed with distilled water and 2 pore
volumes of the soil solution, while the day of the experiment the sand was further
rinsed with 5 pore volumes of freshly prepared soil solution. The clay paste was
again prepared to reach a 96%v,w water content ratio, mixing with a spatula until
all lumps were eliminated; the paste was then transferred in the set-up at a 230 mm
distance from the cathodic bulkhead with a size equal to 81x12.5 mm (HxL). A
25mm unsaturated top layer was created in all experiments after the packing
procedure to avoid preferential flow or daylighting, the top of the clay layer does
not fall in the desaturated porous medium.

For the advection-dispersion experiments the hydraulic flow was generated by
a peristaltic pump connected to the lateral ports of the set-up; since the set-up is not
confined the outlet flow was also created by a peristaltic pump in aspiration mode.
The flow rate was regulated to obtain a seepage velocity of 1.25E-5 m s™' (4.5 cm
h!). The electrokinetic delivery was performed using an input potential of 64 Volts
was applied in comstant voltage mode with a DC Power supply, providing a
potential gradient of abt. 1.15 V cm™. A second benchmark EK delivery was
performed using a set-up fully saturated with the same carbonate buffer used in the
advective delivery, in this case the 6 mM permanganate injection presents the same
electrical conductivity of the background solution (“equal” scenario). In addition,
in this experiments background solution and recirculating buffer have the same
composition, thus reducing the system complexity and multicomponent effects.

All the experiments were monitored collecting images with a Nikon D500

camera equipped with a Nikkor 17-55mm DX lens; to ensure consistent exposure
the camera was set to manual settings to provide a 0 EV exposure, in order to apply
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the permanganate calibration previously obtained. No electric potential or current
was monitored in this experiment. The potential gradient in the porous medium and
the input current were measured using a multimeter equipped with a multiplexer
card to allow a multichannel detection; data were collected every 5 minutes and a
single scan of all channels takes 3 seconds.

4.3.3 Experimental results

From the collected images it was possible to follow the plume evolution for the
advective and electrokinetic delivery:

Figure 56) Plume evolution during advective delivery of permanganate
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Figure 57) Plume evolution during electrokinetic delivery of permanganate in the “EK high”
scenario

From the results presented in Figure 56 and Figure 57 major differences in the
advective and electrokinetic delivery are evident. In the advective delivery, while
approaching the clay layer the permanganate plume is subject to expansion and
arching that lead to a bypass of the layer in its upper and lower boundary with the
sandy medium. This effect not only results in a failed delivery in the low
permeability layer, but also in the formation of a dead zone in the downstream sandy
medium as appears from the 3- and 4-hours quadrants in Figure 57. On the other
hand, despite the lower migration velocity in the EK delivery (due to the limited
output of the power supply used) it is possible to notice that thanks to the plume
contraction determined by the “EK high” scenario (which means, a focusing of the
electric streamlines in the permanganate resulting from its conductivity lower than
the background) a limited bypass around the clay layer and a noticeable pink color
in the clay layer (Figure 57, 7-9 hour quadrants) are observed. As a consequence of
the effective delivery of permanganate in the clay layer, the dead zone formed
downstream the inclusion is greatly reduced compared to the advective experiment.
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The different delivery efficiency can be better visualized using the enhanced
color images reported in Figure 59 and Figure 72. Especially using the detail of the
clay section presented in Figure 60 it is possible to notice a significant difference
in the delivery mechanism. For the advective transport the blue color at the sand-
clay boundary is constituted of MnO: particles resulting from permanganate
reduction and is representative of the permanganate penetration, most likely
attributable to diffusion as reported by previous studies [45, 152]. The evidence
presented shows that despite the reduced thickness of the clay layer its bulk is
inaccessible to the advective delivery of permanganate. As expected, the
experiment clearly shows the limitation of advective transport for delivery of
solutes in low permeability porous media and the resulting detrimental effect on the
remediation of such areas. In the EK delivery application, permanganate is
delivered in the entire clay layer, including its bulk. Consequently, the downstream
sand medium directly in contact with the clay layer is also crossed by the majority
of the injected permanganate. However, as the migration advances the plume
assumes a ‘V’ shape that proceeds to the set-up outlet boundary. The direct
consequence on a remediation application is to be evaluated considering the local
permanganate concentration in the two forward branches and plume tail. More
specifically, the “V’ shape can result in a positive effect, increasing the plume cross
section and thus the interception of the downstream contaminant; on the other hand,
if the shape modification leads to an excessive dilution index the reaction rates may
decrease to a level that prevents the reaching of the remediation goals.

Figure 58) Enhanced color image for the advective delivery of permanganate, starting from 1 hour and
progressing with 1 hour time step.
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Figure 59) Enhanced color image of the EK delivery of permanganate, starting from 4 hours and
progressing with 1 hour time step.

Advection-dispersion Electromigration

—
Scm

Figure 60) Detail of the clay inclusion for advective transport

The experiment performed using a carbonate solution and the injection of
permanganate with an equal electrical conductivity also show important differences
in the delivery efficiency. Using the enhanced color images in Figure 61 it is
possible to notice a significant plume expansion when approaching the clay layer
and a more significant bypass than the IPER scenario previously explored.
Therefore, although the EK delivery still proved effective in delivering the
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permanganate inside the low permeability inclusion, a strong influence of the
amendment conductivity is observed.

[
Sem

Figure 61) Enhanced colors images of the permanganate plume during EK transport in ‘equal’
conditions, time frame 4 hours, 8 hours, 11 hours, 14 hours

4.4 Discussion

The experiments performed in this study support the use of electrokinetics as a
valid approach to deliver reactants for in-situ decontamination in low-permeability
porous media, concurring with previous studies available in the scientific literature.

The delivery of permanganate in 1D geometry proved the ability of buffer
recirculation in the electrode chambers to be effective in preventing the
permanganate stalling caused by pH variations deriving from electrolysis. It follows
that the electric field can be applied for extended time to achieve the desired
delivery without significant impacts on the porous medium, and this includes
pollutant mobilization following pH variations (especially for heavy metals). It was
also possible to evidence that in the small-scale 1D system used, the electrical
conductivity of the buffer with respect to the background solution has an impact on
the migration velocities, which affect the time of contact with the porous medium
and the length traveled over the same time. The possibility of tuning the migration
velocity approaching and crossing the clay layer is extremely relevant: a complete
crossing of the clay layer is optimal for contaminations extending in the
downstream sandy medium, while a slower transport in the clay layer can increase
the contact time with the pollutant in the low permeability medium increasing the
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decontamination efficiency. The buffer conductivity also impacts the ohmic drop at
the interface between the electrode well and the porous medium. It was observed
that conductivity higher than the background solution (or, lower resistivity) results
in higher currents and potential gradients in the porous medium with the same input
voltage. It follows, the higher velocities observed are achieved with a lower power
consumption than with an increased input potential gradient, and thus costs and
environmental impact of the application are reduced.

The reactive experiments performed allowed to explore the delivery of oxidants
and reductants in low permeability layers, focusing on their ability to promote
reactions capable of removing an immobilized set-up contaminant. The adopted
experimental condition was optimized by the previous step, and the study is the first
to allow a direct visualization of the occurring reaction in the clay layer. In both
cases, no mobilization of the methylene blue is observed in the first 30-70 minutes
of experiment, therefore the decolorization can be entirely attributed to the reactions
promoted by the injected amendments. Both permanganate and sulphur based
reducing agent were effective in promoting the decolorization of methylene blue;
in both oxidation and reduction, as a combined effect of reaction pathways and the
delivered amendment about 25% of the contaminated clay was effectively
decolorized. Notwithstanding the fact that such results were achieved with the
delivery of one injection of permanganate and two injections of the reducing agent,
one of the main evidence was the inability to deliver the second permanganate
injection in the clay layer. Given the extent of the reaction, such effect can be
explained with a modification of the porous medium caused by the deposited MnO-
produced by the decontamination reaction; this modification also appears to evolve
over time, since the entirety of the first injection is delivered in the clay layer. In
the present scenario, the reductive decolorization appears to be the more versatile
and appropriate for the treatment of the low-permeability layer, as it allows for
sequential injections in case the remediations objectives are not met after the first
delivery.

The delivery experiments in two-dimensional geometry confirmed the inability
of the hydraulic flow to access the bulk of low-permeability inclusions, and only a
partial delivery in the layer boundaries is achieved by diffusion. It was also possible
to confirm the potential of electrokinetics to decouple the amendment delivery from
the hydraulic permeability of the porous medium, accessing the low-permeability
layer in its entirety more easily. It was also possible to demonstrate that a careful
design of the EK delivery is required to obtain an effective and efficient delivery,
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specifically as the plume dynamics resulting from conductivity gradients discussed
in Chapter 3 play a fundamental role in the process. Regarding the delivery by
hydraulic flow, being provided by gravity feed or pressure injection (including
direct push) not only is an ineffective mean to deliver solutes in a low-permeability
plug, but also results in a preferential pathway in the downstream sandy porous
medium which can result in the formation of dead zones where the permanganate
concentration is significantly lower than from the injection. In the framework of
back diffusion, and the configuration of low permeability regions as secondary
contamination sources, this implies that: i) the source itself is excluded from the
remediation, ii) part of the permeable porous medium downstream these regions is
subject to a significantly lower decontamination. These effects bear important
consequences on the site management, requiring a careful planning of the
remediation operation to ensure that the cleanup standards are met and maintained
in time. The EK delivery, on the other hand, shows a delivery inside the clay
medium in both ‘high’ and ‘equal’ scenario given the different transport
mechanism, but the efficiency is subject to major variations determined by the
different plume dynamics. Specifically, it was possible to identify the plume
expansion caused by the presence of the clay layer as responsible for the bypass.
The plume contraction introduced by the “high” scenario proved able to contrast
such effects representing the optimal delivery strategy for the geometry under
study. This introduces a limiting factor in the maximum concentration that can be
delivered, defined by the soil solution concentration and composition; specifically,
the general amendment concentration must result in an electrical conductivity lower
than the background. Using literature data, a wide range of groundwater electrical
conductivity is found, depending on the specific site conditions (lithology, geology,
precipitation regime, etc.) spanning from 200 pS cm™ to 5000 uS cm™! [188-192]
which indicates the necessity of a site characterization for the optimization of the
delivery protocol. In cases with limited EC, and thus strong limitation on the
maximum mass flux of the amendment, a soil flushing with a saline solution may
be employed to provide a transient increase in conductivity. Injection of saline
tracers is commonly applied in Electrical Resistance Tomography (ERT) [193] with
very high concentrations and volumes; in the case of contaminated aquifers a
careful evaluation is required to prevent the pollutant mobilization. Despite this
complication, the mechanism elucidated by the experiments in 2D geometry shows
the potential for EK-assisted delivery to limit the back diffusion of contaminants
from low-permeability regions by allowing the amendment: 1) to enter the clay
section, 11) to cross the clay section and distributing in the downstream porous
medium, tackling the back-diffusing contaminant.
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In conclusion, thanks to the collected data, we were able to demonstrate the
potential of electrokinetic as delivery strategy aimed to the remediation of low
permeability layers or heterogenous aquifers. Thanks to the tests in 1D geometry
and knowledge on plume dynamics gathered and discussed in Chapter 3, the
conditions for an effective delivery in a low-permeability layer in 2D geometry
were identified. The results also pointed out that further research is required to
improve the delivery and possibly provide numerical tools to support the delivery
design. Specifically, the effect of buffer concentration on the amendment migration
velocity should be explored in 2D geometry on a larger scale than the 1D
experiments, to assess whether the effect is maintained in a real case scenario. Also,
delivery tests in 2D geometry with different low-permeability materials (bentonite,
silts, etc.) and in a reactive scenario on different set-up pollutants dispersed and/or
immobilized in the clay layer are required to provide evidence closer to a full-scale
application.
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Chapter 5

Final remarks

The electrokinetic delivery of soluble amendments represents a promising
technology to overcome the limitation of hydraulic delivery of soluble amendments
for groundwater remediation in both homogenous and heterogenous porous media.
The electromigration mechanism results in a more efficient use of the reactants and
is independent from the medium hydraulic conductivity, hence allowing the
delivery in low-permeability media (clay, silts, etc.) otherwise excluded from the
hydraulic flow. This points to the potential ability of EK-assisted delivery in
treating the contaminant back diffusion and low-permeability regions acting as
secondary sources. However, electrokinetic transport is a complex process that
encompasses interrelated transport mechanism — electromigration, electroosmosis,
and electrodispersion — acting simultaneously on the solutes and depending on
many variables. The optimization of a delivery application requires an in-depth
understanding of the different transport components and can benefit from numerical
tools to predict and simulate the fate of the injected amendments in different
conditions. This PhD project aims at adding to the current knowledge on EK
delivery developing a series of experiments in 2D and 1D geometry exploring the
aspects least studied by the available literature, to provide a support to the design
process of the injection and delivery procedures.

In the first part of the study, the longitudinal and transversal distribution of an
oxidant commonly used in ISCO remediation (permanganate) was explored in 2D
geometry, in a configuration comparable to the horizontal section of an injection
well in a full-scale site. Based on the collected results, important effects on the

112



transport and distribution of the amendments introduced by electrodispersion,
determined by electrical conductivity gradients between the injected amendment
and the background solution, were detected:

e the background solution introduces a limitation to the mass transfer of the
injected amendment;

e conductivity gradients result in significant differences in the migration
velocity, delivery area, and local concentration of the injected amendment;

e asa consequence of the previous points, reaction rates are strongly affected
by conductivity gradients, as greater area of influence are associated to
slower reaction rates and vice versa.

The observation on the different longitudinal and transversal distribution
presents important implication for the design of the injection system, as the
amendment can be delivered on a greater area with a reduced number of injection
wells than for hydraulic delivery. At the same time, effects on the reaction kinetics
and reactant consumption were evidenced by the second set of experiments,
conducted in a reactive regime. It was possible to observe that in addition to the
previous effect:

o the electrokinetic delivery results in a better mixing of the amendment with
the contaminated groundwater than hydraulic delivery, hence providing
higher reaction rates and removal efficiency;

e the plume dynamics created by conductivity gradients determines the local
reactant concentration and consequently the reaction rate and reactant
consumption. For example, when the plume expansion is achieved, a lower
amendment consumption may lead to undesired interactions with superficial
water bodies or safeguard areas.

It follows a careful case-specific evaluation is required, and in the present study
this was allowed by the NP-PhreeqC-EK mathematical model, that was validated
on the experimental data in both the conservative and reactive regime. The coupling
with the Phreeqc-RM code also allows to include geochemical effects, thus
allowing to tailor such conditions to the specific site under remediation, hence
providing a valuable tool to support the delivery design and improve both efficiency
and efficacy of the remediation.

The second part of the study was focused on the delivery of amendments in
low-permeability inclusions, which is one of the most interesting and promising
aspects of electrokinetics. One-dimensional experiments were performed to
optimize the delivery procedures; it was possible to prove that buffer recirculation
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effectively eliminates the stalling of the delivered amendment caused by pH
variation promoted by electrolysis. Also, the effect of the electrical conductivity of
the buffer used to stabilize the pH conditions in the electrode chamber was explored,
evidencing relevant effects on the electrokinetic processes and delivery efficiency.
In the small scale 1D system it was also possible to observe the ability of buffer
conductivity to tune the migration velocity by modifying the current density without
varying the input potential, which results in a lower power consumption. The
experimental conditions adopted for the reactive tests allowed to visualize the
degradation reaction promoted by the delivered amendments within the clay layer.
Both the ISCO and reductants proved effective, but it was possible to collect
significant data relative to the use of permanganate. Specifically, in the conditions
explored it appears that consecutive injections of permanganate do not lead to an
increase in the decontaminated volume of the clay, rather after the first injection
permanganate is only partially delivered to the clay layer and does not show any
visible reactivity. Lastly, the knowledge gathered from the previous
experimentation was applied to a delivery of permanganate in a low-permeability
layer in a 2D geometry. It was clearly demonstrated that the bulk of the clay layer
is inaccessible to advective delivery due to its low hydraulic conductivity, while
electromigration is successful in delivering the amendment. The study was able to
prove that an effective delivery can be achieved only considering the plume
dynamics evidenced in Chapter 3, supporting the importance of electrodispersion
and multicomponent phenomena. In the specific case, the plume shrinking allowed
to overcome the expansion caused by the clay layer and responsible for a significant
bypass and a reduced delivery of permanganate. The gathered results represent a
step forward in the understanding of EK delivery in heterogeneous porous medium
and evidencing some of the possible limitations in their use for ISCO and ISCR.
Further experimentation is required to extend the reactive delivery to 2D systems,
as well improving the optimization of the delivery conditions (buffer concentration,
saline solution flushing, multi-step injection of amendments).

We believe that results of the study represent an important step forward in the
understanding of electrokinetic transport applied to the delivery of amendments for
groundwater remediation.
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APPENDIX

Appendix to Chapter 3

Electrical equivalence for the 2D system

To better depict the difference between 1D and 2D systems an electric analogy can
be used; mono-dimensional systems, despite their heterogeneity will behave as a
series of resistors, where each resistor corresponds to a section of porous medium
in different physic-chemical conditions [92, 101]. It follows, the current flow is
forcedly equal in all sections, as it is in the equivalent electrical circuit; differences
in electrical conductivity still affects transport only on the longitudinal direction, as
discussed in the theoretical section (Chapter 2). A two-dimensional system equates,
in electrical term, to a circuit with parallel resistors components: homogeneous
sections behave as single resistors, whereas heterogeneous areas behave as parallel
resistors. To provide a practical example, a 2D EK system comprised by electrode
chambers, the porous medium and an injected amendment (potassium
permanganate, KMnQy) is depicted in Figure 62.

The ‘Anode’ and ‘Cathode’ resistors include the contribution of the solid-liquid
interfaces, electrolyte, and the interface with the porous medium; the first and last
‘Sand’ resistors refers to the volume of porous medium upstream and downstream
the injected amendment whereas the parallel resistor block depicts the porous
medium sections were the injection occurred. The latter is defined by the
longitudinal and transversal extension of the injection, and in a 2D system
comprises a portion of sand which is unaffected and presents the same resistivity of
the first and last section. The switch on the KMnOs branch signifies the
permanganate injection, specifically the switch closes once the injection occurred.
It follows that until that time the system behaves as a series of resistors, while after
the injection the parallel resistor component is added [92, 101]. When the DC power
supply operates in constant voltage mode, the current density circulating in the
system is defined by the total resistance, hence by the system conductivity. Before
the permanganate injection, as a series of resistors, the current density is distributed
homogenously, whereas when the parallel resistor component is present a higher
current flow occurs in the branch with the higher resistance, hence the lower
conductance.
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Figure 62) On the left: scheme of a 2D system, with electrodes placed in chambers isolated from the
porous medium by bulkheads (dotted lines); an amendment injection is represented by the circle in the
porous medium section. On the right: schematic representation in electrical terms of the 2D system; the
Cathode and Anode resistance includes the buffering solution, the electrode material, and the bulkhead-
sand interface effects.

Photographic detection and quantification of permanganate

The qualitative evolution of the injected permanganate can be observed easily
by photographic detection in terms of shape and area (hence volume, assuming a
symmetry across the set-up width). This allows to obtain important information on
the effect of the background conductivity on the EK transport in the longitudinal
and transversal direction. However, to fulfill the objective of the study a
quantification of the permanganate is also required in multiple time-steps of the
experiment, along the longitudinal and transversal direction. Since the porous
medium used is translucent (note: not transparent) it is possible to correlate the light
intensity to the permanganate concentration. Different work in literature shows the
possibility to obtain good linear correlation between color intensity and
concentration [194, 195], in specific conditions the Lambert-Beer law at the base
of spectrophotometric analysis can be applied [196]. However, such studies are
limited to transparent solutions and require a very controlled set-up. More complex
approaches can be found on biological samples [197] but more importantly on
tracer analysis on soil samples [198, 199]. From these studies, strong interferences
from soil roughness, reflexes, light scattering, light intensity variations showed to
significantly affect the calibration outcome and requires complex procedures to be
eliminated. In all cases, no linear correlation can be obtained between concentration
and color intensity, but evidences suggest a correlation between the concentration
logarithm and a second order polynomial of the separate Red, Green and Blue
intensities [198, 199]. A calibration procedure was developed using the same
experimental set-up and wet-packing procedure, this time injecting multiple
permanganate plumes at different concentration and collecting images with the
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same illumination and camera settings. Each photo comprises three permanganate
spots, two calibration spots at the same concentration to obtain a standard deviation
of data, and a reference value to account for intensity fluctuations; the latter is a 3
mM permanganate spot. A background value, namely the color intensity of the glass
beads saturated by the soil solution, can be obtained from any area of the set-up
unaffected by the permanganate injection. Calibration was performed in the 0-10
mM range; image elaboration was performed by a MATLAB script; the following
steps are applied:

1) the absolute sSRGB color space (0-255) is converted to a normalized
grayscale [200];
i) the reference and the two calibration intensities were collected as

average on a 50-pixel area crossing the center of the spots to account for
the scattering caused by the porous medium;

iii)  the background intensity is obtained from an area 550 pixels below the
injected spots; from the preliminary tests this area is not interested by
permanganate transport;

v) the calibration and the reference intensities are depurated from the
background intensity; then the corrected calibration intensity is
normalized by the corrected reference;

At the end of the process, the resulting corrected and normalized intensities are
interpolated with a polynomial function to minimize the standard deviations, the
best fitting is provided by a 6™ grade polynomial. The same intensity processing
was applied to the images collected during the experiments to obtain the
permanganate and the background intensity values. The lower detection limit
(LOD) allowed by the technique depends partly on the camera setting and is also
bound to change in different porous materials (clay, sand, etc.); in the present case
the LOD is 0.04 mM. The confidence intervals for the longitudinal concentration
profile were chosen as twice the standard deviation obtained from the calibration;
the same elaboration can also be used for a pixel-by-pixel image elaboration to
obtain concentration maps (Figure 63).

Image analysis

Thanks to the intense purple color of permanganate and the light uniform
background we can use color threshold to identify the plume and apply image
analysis to obtain velocity and trajectory of the plume barycenter and shape
alterations (namely, area and roundness). The initial image pool was firstly reduced
selecting images captured every 10’; images were processed using ImagelJ software
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[169] according the following protocol: firstly a Gaussian Blur filter was applied to
eliminate the light refraction from the glass beads, which complicates the following
steps, then the green color channel was selected since it presents the highest contrast
between permanganate and background. A threshold filter was applied to the image
to obtain a black and white image, where the permanganate plume is pure black and
the background pure white. Lastly, a Particle Analyzer plugin allowed the spot
identification for each frame, computing area, roundness, and the position of its
centroid (Figure 64).
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Figure 63) Schematic illustration of the calibration steps and their implementation on a photogram (time
30 minutes) in the “EK equal” experiment to retrieve the concentration profile and 2D concentration
map. Adapted from Sprocati, et al. [65]
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Figure 64) Schematic representation of the image processing in ImageJ [169] on the permanganate plume
(initial time for the advective transport)

Plume shape and trajectories

The shape descriptors obtained from the experimental data were computed by
the Imagel] software following the plume identification previously descripted
(Figure 64). In this case, for each time frame (namely, each photo) the boundary of
the permanganate plume was identified using the color contrast with the glass beads
background; the software is able to trace the pixels composing the plume perimeters
and perform multiple calculations yielding different informations.

e (Center of mass (or barycenter): it is computed based in the color
intensity of the entire plume, hence not only from geometrical
parameters. This coordinated were used to perform the particle tracking
and computing the migrational velocity.

e Roundness: roundness was selected as shape description to provide
information on the plume distortion. Circularity (CR) is defined from
area (A) and perimeter (P) (CR = 4m - A/P?), hence it is preferred in
those cases where particles present very different shapes (needles,
plates, etc.). Roundness (R) is a way to account for aspect ration in the
definition of roundness, which is apt for the case at hand where the
plume perimeter remains smooth but ovalisation occurs. Roundness is
computed as R = 4 - A/(m - X?), where ‘X’ is the plume major axis
[170].
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e Area: the software uses the pixel counts and the scale defined by the
user to compute the plume area. The scale was obtained adding a metric
scale in the lightbox during the experiments, which was then within the
image framed by the camera. Normalization was performed on the
initial plume area (before the electric field was applied).

The image analysis allowed also to trace the plume barycenter during the
experiments, the obtained velocities and trajectories. Known the time step between
images and the pixel/cm scale (the same used for computing the plume area), the
Tracking function of Imagel allow the manual definition of the plume position,
which was performed using the center of mass for each photo. The software outputs
are the velocity and the particle trajectory.

Initial time 60 minutes 150 minutes

Figure 65) Permanganate plume tracking for the conservative advective experiment; detail of initial time,
1 hour and 150 minutes of transport
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Figure 66) Permanganate plume tracking for the conservative electromigration experiment with “EK
equal” conditions; detail of initial time, 1 hour and 150 minutes of transport
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Initial time 60 minutes 150 minutes

Figure 67) Permanganate plume tracking for the conservative electromigration experiment with “EK
low” conditions; detail of initial time, 1 hour and 150 minutes of transport

Initial time 60 minutes 150 minutes

Figure 68) Permanganate plume tracking for the conservative electromigration experiment with “EK
high” conditions; detail of initial time, 1 hour and 150 minutes of transport

Both ADV and “EK equal” delivery shows linear trajectories, parallel to the
water table level, whereas “EK low” and high shows upward trajectories.
Considering that the experiments were performed separately on different glass
beads, packed in two separate moments, and using different solutions for both
permanganate and buffering electrolyte this evidence suggests an influence of the
ionic concentration gradient on electromigration. Density effects are unlikely
responsible, as for the ADV, “equal” and “low” case the permanganate presents a
slightly higher density (+ 0.12-0.14 Kg m™) while density is slightly lower (- 0.48
Kg m™) in the “high” scenario.
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Plume spatial moments

It is possible to approach these plume dynamics using quantitative metrics of
spreading, dilution and mixing based on spatial moments. The zeroth order moment
characterize the total mass of solute for the i-th specie in a 2D system of area Q:

Mo (t) = f c(x, O)d
Q

Equation 54

while the second order central moment is used to quantify the centroid displacement
in the longitudinal (m) and transversal (n) direction of the 2D set-up:

Mizmn(® = | 60 (3 = Fum(©) (0 = Fn(0)) d2

Q
Equation 55

where X; ,,(t) indicates the plume centroid position, defined by ratio of the first
order moment in the m-th direction and the total mass as:

1
Xim(t) = mfﬂci(x, t) Xy, - dQ .

Equation 56

The variation in time of the zeroth and second order moment can be used to
quantify the spreading of the permanganate plume and its dispersion. The resulting
dilution index (Equation 57) quantifies the plume volume expansion and thus the
distribution of the injected species in the set-up [172], also the point concentration
can be defined using the zeroth order moment (Equation 58).

Dil = — J pi(x,t) - In(p;(x,8)) dQ ,
Q

Equation 57

ci(x,t)
My (t)

bi (.X, t) =

Equation 58

To provide metric for the different reaction kinetics, a mixing area Amix can be
defined as the domain area where, in any time step, the reaction rate is greater than
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an arbitrary threshold value. In this case the reaction rate threshold was set equal to
1im=2E-5 mol m> s ! and is defined by the Heaviside step function:

Amix = fH(rMn04(x,t) - rlim)d-Q .
Q

Equation 59

Additional discussion on transport mechanism

The effect of different ionic concentrations on migration can be explained
firstly considering the definition of conductivity for a soil solution, which can be
computed using the Nernst-Einstein equation [92, 101]:

FZ
R~T’ZCi'Zﬁ2'D”
i

O-T:

Equation 60

where F is the Faraday constant (96485 s A mol™!), R the perfect gas constant (8.314
J K! mol?), T is the absolute temperature (K); the i-th term of the summation is
each ionic specie present in solution, c is its molar concentration, z its valence and
D its diffusion coefficient (m?/s) [57, 92, 101]. It must be pointed out that the value
of o thus obtained is valid only for free solutions, while in the case of solutions
saturating a porous medium the effective diffusivity D* should be used including
the medium tortuosity [94, 95]. Although many authors observed a contribution of
the porous medium itself to conductivity, and different set-up at different
complexity have been suggested in the present work the simplest approach, the use
of Nernst-Einstein equation with the effective diffusion coefficient was applied.
Recalling the Nernst-Einstein-Townsend equation, the complex dependency of
current from the diffusion coefficient of the single species implies that different ion
fluxes would be present at the same time in the set-up, failing the charge
conservation law.

Equation 61
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A second effect is the multicomponent transport and the single species
transference numbers, which describes the ability of the ionic specie to transport
current density [101, 136, 145], for a cation of a binary specie A'B [101]:

z kEM

tiy =
z kEM — z_kEM

Equation 62

As a single current must be present in the system, it follows that a limiting effect
is imposed by the specie with the lowest ionic mobility; in the simplest case of a
single electrolyte the comprehensive diffusion coefficient is defined as [92, 101]:

_ Z+k£MD_ - Z_kEMD+

z,D,—z_D_
Equation 63

The low transference number ions slow down the migration of high
transference number ions, which in turns speed up the former [92, 101]; in a process
very similar to the multicomponent transport in the advection-dispersion regime
[161, 162]. In the experiments performed, the scenario is more complex than a
binary electrolyte: the background ions from the electrolyte buffer are
homogenously distributed in the system, but the permanganate injection displaces
the background solution creating a volume where their concentration is null. It
follows, when the electric field is applied permanganate ions move towards the
anode replacing bicarbonate ions (HCO3); as the bicarbonate diffusion coefficient
is lower than the one of permanganate (1.09E-9 m? s™! and 1.5E-9 respectively) the
latter is slowed down in the sense that only a fraction of the injected concentration
is able to migrate at its nominal velocity [65, 92, 101]. Cations also play an
important role in the effective migration velocity, as their concentration defines the
amount of anions required to abide electroneutrality and charge conservation,
therefore their concentration and diffusivity must also be considered. The final
electromigration velocity is then resulting from a complex balance of different
parameters, among which concentration is a variable: it is expected then to observe
modification in the plume concentration and of the background solution, the latter
only locally on the plume trajectory [65, 126].
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Structure of the mathematical model [65]

The mathematical model used to describe the delivery is based in the Nernst-
Plank-Poisson equation modified for porous media, which includes the porosity
terms ‘n’; the flux of the i-#4 specie is defined as:

z;F
iTot = —nD;Vc; — nDi*Rl—Tcl-VE + nuc;

Equation 64

Where the first term describes chemical diffusion, the second electromigration and
the third advection. The diffusion coefficient D;" is the effective diffusion
coefficient, to account for tortuosity, Ic; indicates the concentration gradient, z; the
ion charge, F is the Faraday constant, R the gas constant, T the temperature and u
the seepage velocity. In the case of the advective-dispersive case the middle terms

equals zero (V®=0), and the dispersion coefficient (Longitudinal and Transversal)
are described as follows [201, 202]:

Equation 65

B
Pe?
DI =D;+ D! | ————
! T \Pep 42+ 462

Equation 66

Where d indicated the average grain size and Pe; the Péclet number (Pe; =
ud/ Dia ); 6 indicates the ratio between the length of a pore channel and its hydraulic
radius, and S is an empirical exponent accounting for the effect of incomplete
mixing in the pore channels. Both ¢ and f values are empirical and based on
previous studies [202]. Lastly, the material balance in the presence of a source/sink
term (7;) is defined as:

da(nc;)
ot

+V- )% =r

Equation 67
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The modeling of electrokinetic transport using the NPP equation is based in the
relation between the solution charge density (p.) and the applied electric field [92,
101]:

Equation 68

where ¢ is the dielectric constant of the porous medium and N is the number of
charged species in solution. As discussed in the theoretical section, the electric
conduction in porous medium is exclusively carried out by ions. Hence the current
density can be expressed from the total ionic flux [92, 101]:

N N
Tot _ 2 nD
I= FZZJ FZzlnD Ve, — | F Zzl BT —¢ |V + ane,,ZzL-ci

i=1 i=1
Equation 69

Which combined to the material balance yields [92, 101]:

FZ O(ncl) ( izl]T°t> Fizln

i=1 i=1

Equation 70

The system comprised of Equation 64 and Equation 67-Equation 69 constitute
the Nernst-Plank-Poisson equation, which defines the transport of charged species
including reactive terms. For the present case, the latter is referred to the
permanganate consumption by glucose oxidation [65]:

TmMno; = kr,Mn0; Cmnoy CcgHq,06
Equation 71

where k - 1s the empirical kinetic rate constant.
r,Mno,

The mathematical model was developed coupling the PhreeqcRM code [126,
149, 203] and COMSOL Multiphysics to obtain the correct chemical speciation for
the system from the initial concentration. The COMSOL software was used to
compute the system conductivity and the resulting current distribution, using the
data to solve the NPP equation through the NP-Phreeqc-EK code [65, 126].
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Operatively, the initial composition of the background solution (experimental data)
was analyzed by the Phreeqc code, which computed the equilibrium concentration
based on tabulated geochemical equilibrium reaction constant. The aqueous
composition was then used by COMSOL to solve the NPP system for the first time
step, determining the migration and concentration parameters for every ionic
specie; these data were again processed by Phreeqc to obtain the equilibrium
composition starting a cycle for each time-step.

The experimental domain, namely the section of the model filled with the
porous medium, was divided in a triangular mesh with 13400 elements, thanks to
the injection strategy of permanganate the injection zone could be defined with a
circle of 21.5 mm ofradius for all the tests; a finer mesh was used on the boundaries
of the model and of the permanganate plume to better describe the system. For the
concentration at the model boundaries, Dirichlet conditions were applied using the
experimental background concentration for each scenario; boundary electric
potential was set using the measured values during the experiments; this is possible
thanks to the recirculation chambers which provide a regeneration of the
background solution. Electrolysis and electrode reactions were considered
negligible and not included in the model thanks to the recirculation system ability
to maintain pH in the alkaline-neutral range; temperature, required for a correct
evaluation of the diffusion coefficient, was also defined at 22°C from the
experimental measures [65]. The porosity value was set at 0.4 which is consistent
with the values obtained both experimentally and through theoretical calculation
for a perfectly packed porous medium with spherical grains and narrow size
distribution [204, 205]. The only parameter fitted by the simulations were the
medium tortuosity, which resulted to vary in the 0.5-0.6, and the kinetic constant
for the glucose oxidation by permanganate. Lastly, a constraint on the
permanganate concentration was applied discarding concentrations lower than 4
mM (0.04 mol m™) to account for the photographic quantification lower limit of
detection.

In conclusion, all the initial model inputs (concentration, current density,
potential gradient, or hydraulic flow, reported in Table 15 and Table 16) were
obtained from experimental measures during the tests. The mathematical code
allowed to solve the fundamental equations describing the system (see paragraphs
above and theoretical section) for each of the time-steps considered and each solute
present in the domain.
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Figure 69) Schematic representation of the mathematical model domain and boundary conditions
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Table 15) Values for the mathematical model input parameters, adapted from Sprocati, et al. [65]

Conservative Reactive
INPUT EK EK
PARAMETER ADV ADV
equal low high equal low high
Porosity 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40

Tortuosiﬁ 0.61 0.61 0.51 0.56 0.61 0.61 0.51 0.56

Electric potential at the anode (V)

Oh - 146 148.7 143.8 - 146.5 130 143.1
1h - 138.4 131.6 131.4 - 139.6 122.9 132.4
2h - 136.3 127.2 127.5 - 136.7 122.3 127.6
3h - 136.2 123.7 132.8 - 135.1 122.1 131.1
Seepage velocity (cm/h) 6.5 0 0 0 6.5 0 0 0

Kinetic rate constant (K, yn0;)

-6 -6 -6 a0
(m/s/mol) 0 0 0 0 8x10 8x10 8x10 8x10

Table 16) Initial concentration values for the solutions used in the experiment and, aqueous diffusion coefficient s at 22°C.

Aqueous diffusion coefficient

Units ADV and EK equal EK low EK high 22°C
(m?/s)
Temperature °C 22 22 22 -
pH - 9.01 9.00 8.96 -
Alkalinity eq/L 3.01x10° 1.00x107 9.09%103 -
OH" mol/m’ 8.86x10°¢ 8.44x10° 8.14x10°¢ 4.86%10°
H* mol/m’ 1.02x10” 1.02x10° 1.19%10° 8.59x10”
HCOs mol/m? 2.69x10° 9.04x10* 8.09x10%3 1.09%10°
COs™ mol/m? 1.47x10* 4.49x10° 4.36x10* 8.82x10°1°
NaCOs mol/m? 5.57x10°¢ 6.24x107 4.27%107 1.11x10%
NaHCO3 mol/m? 4.10x10°° 4.83%107 3.42x10° 6.21x10710
Na* mol/m’ 3.00x103 1.00x1073 9.01x10° 1.23x10°
MnOy4 mol/m’ 3.00x103 3.00x1073 3.00x10° 1.50%10°
K* mol/m’ 3.00x10° 3.00x103 3.00x10° 1.81x10°
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Appendix to Chapter 4

Clay Zeta potential

In addition to the supplied information, the clay Zeta Potential ({) was evaluated
at different ionic strengths and pH values using Electrophoretic Light Scattering
(ELS); it must be pointed out that such value is only qualitative for the case under
study as the ELS technique operates on colloidal suspensions and not bulk material,
where complex pore-solution interactions can modify the { wvalue [111].
Nonetheless, the Zeta Potential contributes to determining the magnitude of EOF,
hence it is important to understand its trend in different conditions. The measures
were performed with a Malvern Zetasizer Nano on 0.5 mg mL™! solutions, placed
for 5 minutes in a sonicating bath prior the measure.
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Figure 70) Kaolin zeta potential at different ionic strength and different ions (left) and at different pH
value (right)

The C trend with the pH variation is common for kaolin clays [104]and derives
from the protonation/de-protonation of the silanol groups [83, 84], of greater
interest is the response to the ionic strength and the ionic specie in solution. While
MgSO4 causes a stabilization of the colloidal clay ({ values closer to a zero-charge),
NacCl causes a significant decrease in potential for ionic strength in the 10-40 mM
range: in these conditions the electroosmotic flow is significantly increased, and the
migration of anions further opposed. The effect of dissolved cations species has
proved to affect the zeta potential in previous studies [206, 207] and the complexity
of the Electric Double Layer theory from the clay physico-chemical properties and
sample preparation amply discussed [111, 208].
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Experimental set-up

Additional information on the experimental set-up is provided in this section,
schematics refer to the 2D experiments but are equivalent for the 1D tests, with the
exception a column was used instead of a 2D tank. All tests were performed with
the main system (tank, reservoirs, and pumps) inserted in a photographic lightbox
(60x60x86 cm), which was equipped with an LED light capable of providing
uniform illumination. In addition, a second LED light (with same color
temperature) was placed behind the camera and used to improve the illumination of
the front of the tank. This was important to increase the contrast between sand and
permanganate, and to eliminate reflections; a diffusor was installed on this light to
eliminate reflections on the tank panels (especially in the porous medium section).
The placement of the reservoirs in the lightbox was essential to eliminate
temperature gradients with the electrode chambers, as the internal LED light raised
the temperature of 1-2°C from the room temperature. The camera distance was
determined by the placement of the tank (or column) in order to provide a correct
framing with a focal length equal to 50mm, to reduce perspective distortion as it
would complicate the image analysis. For the image analysis, a metric scale was
added in all the pictures; for the data elaboration the images were cropped to frame
the porous medium only. To further improve image quality the camera sensor was
aligned parallel to the tank and centered with the porous medium section. A matte-
white backdrop was placed on the table surface, under the entire set-up to provide
uniform color and hide cables used for the power supply and multimeters, which
would have caused reflections on the tank panels. These instruments were placed
under the table.
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Figure 71) Schematics of the entire the experimental set-up, lamp and light images does not
correspond to the actual equipment and only represents their placement.
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Migration velocity upstream the clay inclusion (2D tests)

The image analysis performed using ImagelJ [169] allowed to obtain the plume
barycenter velocity for the transport toward the clay layer in the 2D delivery
experiment; from the data presented in Figure 72 it is possible to observe a lower
reduction in velocity for the ‘EK high delivery when approaching the clay layer.
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Figure 72) Plume velocity for the hydraulic and electrokinetic delivery of permanganate

Potential gradient and current in the 2D-“EK high” delivery test

The potential applied across the electrodes is equal to abt. 1.15 V cm™! and the
potential measured across the porous medium equals 1.16 V ¢cm™ and shows a
constant value over the entire experiment. the potential across the clay layer resents
of the conductivity modification caused by the permanganate plume arrival and
possibly effects of the clay layer (namely, ions and colloids release). The current
variation is expected from the constant voltage mode set on the power supply, and
it successfully maintains a constant voltage gradient despite a complex system
evolution which involves the migration of the buffer ions into the system and of the
synthetic water ions into the electrode chambers.
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Figure 73) Potential gradient measured across the entire porous medium and across the clay layer and
circulating current during the experiment.

Permanganate concentration distribution during the 2D delivery

Given the medium complexity (especially the presence of a white colloidal
component in the sand, which was not eliminated by the washing) obtaining the
concentration profile for permanganate during the bypass of the clay layer is
complicate, however it was possible to obtain local concentration in different area
of the plume; for the 4 hours plume results are presented in Figure 74; The dead
zone downstream the clay layer, where no permanganate is delivered due to the
bypass, is evident.
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Figure 74) Plume profile after 4 hours of advection

It is possible to observe a difference in the plume dynamics when exiting the
clay layer for the electrokinetic delivery, due to the greater penetration in the
inclusion. Specifically, while in the advective case the downstream permanganate
plume results mostly from the upper and lower bypass of the layer, with a gap
between the two resulting plumes. In the EK delivery approach it is evident that the
downstream permanganate flows through the clay layer and thus migrates more
homogeneously in the downstream sand medium. Applying the calibration to the
image collected after 9 hours of application of the electric field it is possible to
compute the plume concentration exiting the clay layer:
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Figure 75) Concentration distribution in the permanganate plume exiting the clay layer for the “EK
high” delivery.
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