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Abstract: Over past decades, the rapid increase of industrial activities has caused vast environmental pollution by
different types of contaminants. Groundwater sources belong to the most vulnerable parts of the environment. Zo-
nes, especially aquifers with low hydraulic-conductivity (mainly clayey, silty soils with gravels) represent a con-
siderable challenge for scientists to remediate due to their low transmissivity values. Conventional remediation
methods (i.e. pump and treat) are ineffective in such conditions; therefore, new and effective methods are required.
Electroremediation appears to be a suitable technique in aquifers with low-hydraulic conductivity. Although, this
method has been known for decades, there is still a lack of field applications. This article summarizes the current
stage of knowledge in electrokinetic remediation of contaminants (e.g. hydrocarbons, metals) in low-hydraulic
conductivity aquifers and presents information from certain available field application studies. The aim was to
focus on optimizing and enhancing approaches in the electroremediation method and summarily bring useful
information to future researchers in their practical utilization. Furthermore, a small-scale laboratory experiment
was conducted to prove the efficiency of electroremediation of chlorinated hydrocarbons in groundwater from the
model locality (environmental burden), intended for large-scale pilot decontamination by this approach.
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1 Introduction
Water, groundwater, and soil pollution belong among

the most important concerns for scientific and engineering
society. Relentless, increasing demand on quality of life
forces the scientific community to investigate the newest
and more effective treatment methods and techniques to
provide the best results in the remediation of contaminated
sites.

The conventional water contaminants vary from organ-
ic substances, such as chlorinated hydrocarbons (Cernikova
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2011; Song et al., 2018), herbicides (Risco et al., 2016),
polycyclic aromatic hydrocarbons (Fan et al., 2016; Yuk-
selen-Aksoy & Reddy, 2013), nitrate (Lee et al., 2011), to
inorganic contaminants such as metals (Kim et al., 2012)
or radionuclides (Purkis et al., 2021). Significant contami-
nation sources originate primarily from anthropogenic ac-
tivities, e.g. mining activities, agriculture, manufacturing
industries, or even households.
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The contaminated substances differ in the varying
levels of their natural degradability in the aquifer (ground-
water environment). Some contaminants prefer to trans-
form into another state rather than undergo degradation.
Contaminated groundwater is often characterized by
a deficiency in oxygen content (limited oxygen concen-
tration), thus, in situ remediation processes focus on im-
proving contaminant degradation in anaerobic conditions.
This applies especially to chlorinated hydrocarbons, which
are recalcitrant to oxidation (microbial or chemical), and
preferably reduced (Fallgren et al., 2018).

Field application of different remediation techniques
can be generally limited by the difficulties of measuring
and defining the highly variable hydrological and hydro-
geological features (e.g. permeability, porosity, saturation,
hydraulic flow, oxygen content) of the geological environ-
ment (Hyldegaard, 2019; Lee et al., 2000).

Hydrogeological and geological conditions of the geo-
logical environment considerably affect in situ remedia-
tion, including the type of in situ remediation, selection
of the reaction materials, remediation efficiency, and the
cost (Zhao et al., 2022). The primary constraint of current
in situ remediation technologies in low-hydraulic conduc-
tivity aquifers using conventional hydraulic recirculation
or injection techniques is the often insufficient delivery of
the required amendments to the target contaminated ma-
trix (Cox et al., 2018).

The study of the efficiency of aquifer remediation
provided by Lee et al. (2000) showed that permeability
heterogeneities can vastly affect the length of time
required to remove the pollutants. This study mentioned
the ability of clays and clay beds with low conductivity
zones < 107 m.s™' (Hyldegaard & Ottosen, 2021; Nazaroff
& Alvarez-Cohen, 2000) to trap significant amounts of
pollutants, with their later slow-release into the aquifer.
As a result of long-term leakage of trapped contaminants
(“back diffusion effect”) from clays, they may persist
in the groundwater systems and significantly affect the
time required for remediation and financial demands.
Contaminated low-permeability geological environments
pose a long-term threat (Hyldegaard & Ottosen, 2021;
Parker et al., 2008; Scheutz et al., 2010) due to geological
and hydrogeological complexity in lithology, stratigraphy,
and structure. The optimal remediation designs are site-
specific and differ by variations in permeability fields (Lee
et al., 2000).

On the other hand, saturated high-permeability soils
(gravels, sands, limestones) can comprise of heterogeneous
and homogeneous layers (Gill et al., 2014; Hansen et al.,
2015; Hyldegaard & Ottosen, 2021; Ottosen et al., 2019).
The grain sizes in such environments are commonly large
and also bedrock may be fractured, which contributes to
higher hydraulic conductivities until >10* m.s™! (Appelo
& Postma, 2010; Hyldegaard & Ottosen, 2021; Nazaroff
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& Alvarez-Cohen, 2000), therefore some pollutants (e.g.
chlorinated ethenes) can easily spread and distribute
through soil pores and contaminate aquifers (Hyldegaard
& Ottosen, 2021). The issues of clay materials and their
specific properties are covered in a detailed review
published by Janeni and Adassooriya (2021).

By the conventional in situ treatment methods, e.g.
pump-and-treat (Banerjee et al., 1991; Fountain et al.,
1996), in situ chemical reduction (ISCR) (Fallgren et al.,
2018), orinsitu chemical oxidation (ISCO) (Fanetal.,2014;
Yukselen-Aksoy & Reddy, 2013), hydraulic conductivity
and low permeability of geological environment play a key
role (Cox et al., 2018). Pump-and-treat is considered an
economical process; however, the desired results may be
limited, particularly in low-permeability soils and aquifer
areas where contaminants tend to be sorbed (Banerjee et
al., 1991). These conventional methods are usually not
efficient in LNAPL (light nonaqueous phase liquid) and
DNAPL (dense nonaqueous phase liquid) degradation in
contaminated aquifers (Starr & Cherry, 1994) and require
the delivery of additional agents or solvents or other kinds
of enhancements.

In comparison with an advective hydraulic delivery,
the electrokinetic-enhanced delivery is considered as
more efficient due to the effective uniform amendments
distribution at contaminated sites where heterogeneous
layers in the geological environment often constrain the
applications of hydraulic methods (Cox et al., 2018).

Electrokinetics can achieve relatively uniform transport
in inter-bedded clays and sands. Electrokinetically-
enhanced transport, which relies primarily on the electrical
properties of aquifer materials instead of the hydraulic
properties, represents a solution for the limitations of
preferential pathways, which are facing the conventional
advective-based hydraulic technologies (Cox et al., 2018).

The scientific community has to come up with new
technologies to remediate contaminated sites with
specific hydrogeological properties (such as silt and clay
materials, or combination of sand with low permeability
materials). The electroremediation method has been
confirmed in removing water- and soil-contaminants from
low permeability environments with limited hydraulic
conductivity, e.g. in clay aquifers (Fallgren et al., 2018;
Liu et al., 2020; Reddy et al., 2010; Reddy & Saichek,
2003; Yin et al., 2022).

2 Electroremediation basic principles

Electroremediation is a group of remediation tech-
niques belonging to the category of direct current tech-
nologies (DCT) (Niroumand et al., 2012; Streche et al.,
2018), including electrokinetic remediation, electrochem-
ical processes, electrodeposition, electrocoagulation, elec-
trodewatering, etc. The principle of this technology is in
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the application of an electric current into the remediated
matrix with subsequent creation of electric field.

The electroosmosis process was mentioned for the first
time by Reuss (1809). Since the 1950’s development of
the technology continued with several studies (Casagrande
et al., 1986; Casagrande, 1949; Gray & Mitchell, 1967,
Segall et al., 1980). Acar and Alshawabkeh (1993) and
Alshawabkeh and Acar (1992) set up the theoretical
background of principal processes. Since then, several
publications in field applications were published (Ho et
al., 1999a, b; Lageman, 1993).

The natural electric current generally appears on
sediments, mineral, and rock surfaces in groundwater
systems as a consequence of natural abiotic and microbial
processes. At a mineral surface, anode and cathode-like
reactions occur and affect the redox potential in the pore
water of a saturated matrix (Fallgren et al., 2018; Revil
et al., 2012). The external application of electric current
into the saturated zone (aquifer) leads to the increase
of electron activity and subsequent lowering of redox
potential of the pore water (Fallgren et al., 2018). The
surfaces of the minerals in sedimentary rocks contain
protonic and hydroxyl groups, which create an electric
charge on the sediment surface, that depends on the pH
and ionic strength of the surrounding electrolyte (Cernik
et al., 2020; Saleh et al., 2007).

The application of direct current (DC) and subsequent
creation of electric field leads to several changes in the
electric double layer — an interface layer between solid
(clay particles) and the liquid (electrolyte). Detailed
information about the impact of electric current behaviour
of diffused double layer and point of zero charges are
discussed in Pamukcu et al. (2014). Diffuse double layer
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(or Helmholtz double layer — consists of two layers of
opposite polarity or charge) and possible redox reaction at
a soil particle surface under electric current are depicted in
Fig. 1. As Fig 1 shows, redox reactions are formed along
the outer Helmholtz plane. The hygroscopic water in the
inner Helmholtz plane plays a role of a dielectric media
and the hydrated cations interface with the redox reaction
zones (Jin & Fallgren, 2010).

The in situ electroremediation method is usually based
on application of DC or low voltage among a pair or
series of electrodes (anode and cathode) inserted into the
geological environment, with the subsequent creation of the
electric field. Under an electric field, several electrokinetic
processes take place (see Fig. 2), such as electromigration,
electroosmosis, and electrophoresis, responsible for
contaminants transport in the subsurface environment.
Electromigration (EM) describes the movement of
dissociated ions through a bulk solution, along the electric
field to the electrode of the opposite charge. It is used
for ionic contaminants removals such as heavy metals
(Banerjee et al., 1991) or radionuclides (Purkis et al.,
2021). Electroosmotic flow (EOF) can be understood as
water movement of contaminants dissolved in aquatic
solution or the movement of pore fluid in stationary porous
media. The significance of electroosmosis raises with
increasing surface charge density, i. e., with decreasing
grain size (Probstein & Hicks, 1993; Wieczorek et al.,
2005). The general direction of electroosmotic flow is from
anode to cathode. With increasing pH, phenomenon such
as reverse osmosis may occur. Therefore, the direction of
EOF is from cathode to anode (Cameselle & Reddy, 2012;
Wieczorek et al., 2005). Electroosmosis occurs mainly in
a low permeability environments (Hyldegaard & Ottosen,
2021). Electrophoresis (EP) in-
cludes the movement of charged
colloids (clay minerals, dissolved
organic matter) and solid particles
in the stagnant fluid. This type of
electrophoretic transport is limited
by the pore size and ineffective
in fine-textured soils (Probstein
& Hicks, 1993; Wieczorek et
al., 2005). Both electroosmosis
and electrophoresis are applied
for organic contaminants (e.g.
chlorinated hydrocarbons, polycy-
clic aliphatic hydrocarbons) de-
gradation.

O Water Molecule
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Outer Helmholtz
Plane

Inner Helmholtz
Plane

ygroscopic Water
(Dielectricum) Fig. 1. Possible redox reaction at a soil
particle surface under electric current
[modified after Fallgren et al. (2018);

Jin & Fallgren (2010)].
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DC source

Fig. 2. Main mechanisms occurring
during electrokinetic remediation,
modified after Gill et al. (2014).

and other chemical transforma-
tion (Acar & Alshawabkeh, 1993;
Banerjee et al., 1991; Hyldegaard
& Ottosen, 2021; Vocciante et al.,
2021).

oxidation and

electrochemical
reduction, occur at the anode and at the cathode electrode
due to the electrolysis of water. These reactions are given
below:

Both processes,

2H,0-4e"—4H"+ 0,1, E=-1299V (anode) equation 1

4H,0 +4e-— 20H + H,1 | E=-0,828 V (cathode) equation 2

Where eq. (1) represents anodic oxidation with consequent
pH decreasing due to H" production and redox-potential
raising. Eq. (2) introduces reduction on the cathode, where
pH is rising due to produced OH™ ions and redox potential
is decreasing (Acar & Alshawabkeh, 1993; Cameselle
& Reddy, 2012; Fallgren et al., 2018; Kim et al., 2005;
Vocciante et al., 2021; Yin et al., 2022). Electrolysis of
water can be understood as the redox process, which occurs
when the voltage gradient is exceeded and redox reactions
can lead to changes in acid-base equations (Pavelkova
et al.,, 2021). The critical point of water electrolysis is
the dotation of electrons into a geological environment
through electric current. Exceeding voltage gradient at
electrodes increases water conductivity and decreases the
surrounding environment’s resistance (Cernik et al., 2020).
Low pH contributes to the desorption and the dissolution of
heavy metals, while higher pH values favour their sorption
and precipitation (Acar & Alshawabkeh, 1993; Kim et al.,
2005; Shen et al., 2007).

Electrochemical remediation also causes other process-
es, i.e. ionic diffusion, dissolution of electrode materials,
advection, dispersion, precipitation of salts or minerals

Legend of electrokinetic phenomena

EOF - electroosmotic flow (pore fluid)
EM - electromigration (ions)

EP - electrophoresis (charged colloids)
R+ - cation of contaminant

R- - anion of contaminant
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As Fallgren et al. (2018)
mentioned, redox potential is
not often taken into account
by electroremediations  since
contaminants used to  be
transported through subsurface
treatment zones filled with
different sorbents; or contaminants
are degraded at the electrodes or in
their vicinities. However, in such
way of contaminants disposal,
fouling of electrode materials is avoided. Another
way of electroremediation use includes distribution of
remediation agents, such as bacteria and nutrients through
the geological environment (Fallgren et al., 2018; Mao et
al., 2012). The primary purpose of this kind of technology
is to overcome the solvent distribution problems in low
permeable matrices in which chemical methods such
as ISCO [e.g. persulfate (Wen et al., 2022)], ISCR [e.g.
nZVI — nanozero valent iron (Cernikova et al., 2020)]
use to struggle, and simultaneously to improve mobility
of contaminants through the electric field (Fallgren et al.,
2018). Electroosmotic flow is more important in soils
with low permeability, than in sandy and limestoned soils
(Hyldegaard & Ottosen, 2021). High natural groundwater
flow velocity in a more permeable environment may
constrain the flow of electrokinetic transport against the
direction of the natural groundwater flow (Cox et al.,
2018).

The biggest advantage of electroremediation is to avoid
the need for disturbing ground structure and expensive
excavation procedures (Yukselen-Aksoy & Reddy,
2012). Inseparable condition for electroremediation is
the necessity of submerging electrodes into the aquifer or
saturated soil matrix, or in wells to reach the contact with
groundwater.

In the past, the electrokinetic remediation used to be
utilized in various ways, e.g. electroosmosis dewatering,
consolidation and stabilization of soft soils (Adamson
et al., 1966; Burnotte et al., 2004), electrical thickening,
electrophoretic separation, and electrophoretic deposition
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(Asavadorndeja & Glawe, 2005). At present, electrokinetic
remediation finds application for injection and control of
grouting in soils or aquifer (Banerjee et al., 1991; Esrig,
1968; Yamanouchi & Matsuda, 1975), remediation of soils
and groundwater (Banerjee et al., 1991).

Advantages, that bring electroremediation into con-
sideration are, that it is an in situ environmental-friendly
degradation method with relatively easy and undemanding
equipment for installation. Electrokinetically-enhanced
transport, which depends mainly on the electrical charac-
teristic of aquifer mass, not on the hydraulic properties,
poses a solution to the restriction of preferential pathways
facing conventional advective-based hydraulic technolo-
gies. The technology is safer and more controllable than
the current high-pressure or fracturing injection and ther-
mal approaches (Cox et al., 2018). Increased demands on
time and energy and relatively challenging manageability
in subsurface during process are among the drawbacks of
the technique (Vocciante et al., 2021).

Since electrochemical remediation is based on chemical
reactions at, and in the vicinity of electrodes, contaminants
will be degraded by electrogenerated species and changes
in redox potentials (Hyldegaard & Ottosen, 2021).

3 Pilot and field studies

The literature contains plenty of laboratory-scale
oriented studies and bench-scale experiments of electrore-
mediation either in the water or soils, but field applications
are scarce. It is financially and technically demanding to
provide large scale applications in real conditions. The
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field applications may be limited by some discrepancies.
Even though laboratory experiments bring more accurate
observations of processes and phenomena, the main degra-
dation processes in a natural geological environment may
be different from those provided in laboratory conditions.
The field degradation via electroremediation differs from
site to site and depends on the specific features of each site,
contaminant properties and the extent. Laboratory investi-
gations may provide a false indication of the applicability
of electrokinetic remediation to a specific site. Therefore,
it is necessary to identify site-specific factors that could
limit the performance of remediation technology. In the
following section, key factors influencing the efficiency
of electroremediation based on field or pilot application
studies will be summarized and compared. Furthermore,
the subsequent part will try to bring useful information to
other researchers in their in situ field application attempts.

3.1 Key features in optimization of field application

The parameters significantly influencing the removal
efficiency discussed in literature are:

a) value of pH, redox potential, temperature and con-
ductivity,
electrode material and electrode arrangement,
additives (agents, solvents),
current density, resp. gradient voltage,

b)
¢)
d)
e)
To simulate the behaviour of contaminants or delivery
of'agents in the subsurface, numerical models, summarized
in Ghazanfari and Pamukcu (2014), Gomes et al. (2015),
Wu et al. (2012), are sui-
table to use. Second option
is to imitate their behaviour
under laboratory conditions
(most of the available litera-
ture). To verify the current
knowledge before large sca-
le field application, the best
approach is to use both.

soil composition, moisture, salt content.

Fig. 3. Possible electrode ar-
rangements: a) hexagonal; b)
square; c¢) trigonal; d, ¢) line-
ar (slightly modified after Al-
shawabkeh et al., 1999; Voc-
ciante et al., 2016).
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The development of electrokinetic soil remediation
system models has raised during the last years. The com-
plexity of the natural processes occurring in the soil matrix
makes models predictions difficult. Hence, the existing
models stay focused on contaminants behaviour predic-
tions and simulations, not the whole geochemical systems
containing the behaviour of natural soils and the porewa-
ters (Lopez-Vizcaino et al., 2017).

3.1.1 Design, operation and installation of ele-ctro-
supported remediation

Material and configuration of electrodes in the soil
or geological environment play a key role in successful
remediation attempts. Based on the available final reports
and field application studies, the electrodes’ most used
configuration and materials are given.

Design of electrode configuration

Configuration of electrode settings is a crucial part
of the whole remediation process. One-dimensional
(1D) (equal number of anodes and cathodes) electrode
arrangement is routinely used in laboratory scale
experiments to set a uniform electric field. On the other
hand, in field application, it is suitable to operate with a
two-dimensional (2D) electrode configuration (unequal
number of anodes and cathodes). The critical factors
for appropriate electrode configuration in large field
applications depend on the extent of contamination,
remediation costs, remediation proposal (stabilization
of contamination, acceleration of the migration process,
transport of ionic contamination or distribution of different
kinds of agents and reagents, or direct degradation of
contaminants in the vicinity of electrodes), and diverse
soil properties (resistance, permeability, pH, porosity,
buffer capacity, soil texture, conductivity). The electrode
configuration may be distinguished into several patterns
(see Fig. 3) (Alshawabkeh et al., 1999; Cang et al., 2021):

The most used electrode patterns include:

a) the hexagonal pattern (conducted by Banerjee et
al., 1991; Lageman & Godschalk, 2007),

the square pattern (conducted by Cernik et al.,
2020),

the circle pattern remediation (conducted by Czin-
nerova et al., 2020; Lageman, 2014),

the row electrode sequence (conducted by Cox
et al., 2018; Riis et al., 2012; U.S. EPA, 2000c,
2000a).

Banerjee et al. (1991) reported that the utilization of
square-hexagonal array of cathodes with central anode is
suitable, due to better enrichment of a more radially uni-
form potential field. Besides regular electrode sequencing,

b)
c)

d)
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other options of configuration of electrodes exist, e.g. elec-
trokinetically induced barriers or fences (Lageman, 2014;
Sale et al., 2005).

Authors Cernik et al. (2020), Cernikova et al. (2020),
Czinnerova et al. (2020) employed various approaches in
their investigations, either equal amounts of anodes and
cathodes (Cernikova et al., 2020) or exceed of cathodes
(Czinnerova et al., 2020; Cernik et al., 2020). Two of
them (Cernikova et al., 2020; Czinnerové et al., 2020)
encompass the application of nanoparticles; therefore, they
adjust electrode arrangement (more cathodes than anodes)
to the fact that nano-zero iron particles prefer a reduced
environment created predominantly by cathodes.

Linear arrangement showed decrease from 8800 pg.I!
of total chlorinated ethenes to 210 pug.l™" after the three-
stage nZVI + DC remediation (Cernikova et al., 2020),
later cross-like arrangement proved 50 % efficiency
(Cernik et al., 2020), and square-like array of electrodes
appears with 75 % effectivity (Czinnerova et al., 2020).

Shen et al. (2007) mentioned a new approach in
electroremediation by approaching surrounding anodes to
one fixed anode. Cathode’s positions stay fixed. Authors
stated that the nearer the anodes are, the faster the Cd
removal is from the soils, due to raising H" concentration
(and so lowering pH), and redox potentials. The low pH
and high redox-potential help accelerate Cd removal
through electromigration.

The investigation of the electrode arrangement influ-
ence on the electroremediation was demonstrated on soil
(predominantly sandy soil) contaminated by Cu, As, and
Pb in a pilot-scale field experiment near a zinc refinery
plant in South Korea. However, the authors focused on
distances between electrodes (respectively the density of
the placement of electrodes), not on the specific shape of
electrodes arrangement. The square pattern was employed
during the whole treatment application. The higher densi-
ty of electrodes, the higher temperatures were observed.
They observed a significant relationship between tempera-
ture changes and applied current. The authors recommend
monitoring groundwater flow to avoid complications (e.g.
unnecessary consumption of electrical energy or transport
of contaminants by water flow). Moreover, they stated that
the transport of contaminants may not only be affected by
electrokinetic phenomena (i.e. electromigration or elec-
troosmosis), but it can also be influenced by the gravita-
tional flow of groundwater flux, diffusion or evaporation
of soil pore water as a result of rising temperature. In this
research, the contaminants (metals) were accumulated in
the bottom and top layers of the soil as a result of degrada-
tion (Kim et al., 2012).

Electrode placement

Hyldegaard and Ottosen (2021) stated two concepts of
in situ electrochemical remediations (e.g. for chlorinated
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ethenes). First concept includes “in-well treatment”,
therefore the electrodes are placed in the same well which
is a fully water-filled setting (e.g. setting in laboratory
conditions) (Hyldegaard & Ottosen, 2021; Mao et al.,
2011). Inthe second concept (“in-between well treatment™),
the electrodes are installed separately in wells. The aim of
the second concept is to create an electrochemical barrier
in a porous matrix through which the contaminated plume
will flow (Hyldegaard & Ottosen, 2021; Petersen et al.,
2007).

Electrodes do not have to be inserted only vertically
(applied in most field studies), but they can be placed also
in a horizontal way (Lee et al., 2011) or, for example, e.g.
in Lasagna treatment (Ho et al., 1999a, b; Roulier et al.,
2000). However, also in the Lasagna method, electrodes can
be installed in both ways vertically and horizontally. Gases
(H,, O,) generated during horizontally placed electrodes
can cause problems with displacement of water, thereby
reducing the contact between the electrodes, leading to the
decrease of electrical conductivity. Therefore, the produced
gases have to be properly vented (Lee et al., 2011).

One of the promising techniques represents the
Provect-EBR® technology (Integrated Electrochemical-
Biogeochemical Method for Remediation of Contaminated
Groundwater) (Elgressy, 2018). The one-dimensionally
stable anode is composed of mixed metal oxides to
produce oxygen via electrolysis. Gradual electrode
connections cause the formation of strong oxidants, such
as H,0,, *HO,, *O,, and *OH radicals. It is a field-proven
system that efficiently connects ISCO, microbiological
and geophysical mechanisms to treated contaminated
aquifers by mineralizing chlorinated solvents, petroleum
hydrocarbons and MTBE (methyl tert-butyl ether).
Potentially, it would be useable to degrade perchlorate,
1,4-dioxane, pharmaceuticals or fluorinated compounds
(Hyldegaard & Ottosen, 2021; Mandelbaum et al., 2019;
Provectus Environmental Products, 2019) in the future. In
2019, this technique was used in Israel for degradation of
chlorinated ethenes with an efficiency up to 99 % within
30 days. This technique operates in a large radius of the
electric field, up to 2-4 m (Provectus Environmental
Products, 2019).

The drop of groundwater level below the design
of electrode construction can cause trouble with
releasing electrolytes used in the electrode wells into the
environment. To solve this problem, Gill et al. (2000)
used a bentonite sealing membrane to prevent electrolyte
emptying. However, as bentonite has a high sorption
capacity, it absorbed a significant amount of degraded
contaminant (chromium) during their pilot experiment;
and therefore, it decreased the removal efficiency (Gill et
al., 2000).

The application of electroremediation method in shal-
low zones, near to the ground surface or near to utilities
(electrical wiring), can represent limitation of the techno-
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logy, especially in case of electrokinetic-enhanced amend-
ments delivery (Cox et al., 2018).

Spacing of electrodes

The number of electrodes and their spacing depends
on the thickness (depth interval) of the contaminated
area and the extent of the treatment area (Cox et al.,
2018). Deployment of the electrodes closely relates to
soil properties, e.g. porosity, conductivity, and resistance.
The length among electrodes of both equal and opposite
charges depends on site-specific conditions but is generally
considered at a distance of 1.5 or 2.0 m (Lageman & Pool,
2009).

In conceptual layout by Reynolds et al. (2017), the
electrodes were installed 3 m apart. In Cernikova et al.
(2020), two rows of three anodes and three cathodes
were arranged perpendicular to each other at a 3 m apart
distance. In Gill et al. (2000), the distance between
electrodes of the same polarity was 2 m and 1 m among
oppositely charged electrodes. Spacing of three anodes
housed in a line and distributed 3 m apart with one cathode
inserted 9 m from the anode in the middle was deployed
in arsenic soil and groundwater remediation (U.S. EPA,
2000c). The larger space (5 m) was applied by Lageman
et al. (2014) in Fukushima’s Daiichi nuclear power plant.
Cox et al. (2018) operated with 5.5 m spacing between
electrode wells.

The geoelectrical survey conducts the measurement of
electrical resistivities of the subsurface. These are needed
to efficiently calculate the distance between electrodes and
determine the amount energy for ions to migrate through
the soil. The calculations are described in Lageman and
Pool (2009).

Material of electrodes

Materials of electrodes should be considered with regard
to the nature of contaminants. Research by Hyldegaard
(2019) described the suitable electrode materials, their
electrical properties, and overvoltage characterization in
detail. Studies by Cernik et al. (2020) and Torii (2006) also
discussed the suitable electrode materials. Based on the
review of the available literature, the most used materials
of electrodes are ferrous or stainless steel electrodes
followed by titanium coated mixed metal oxides.

In field studies by Cernik et al. (2020), Cernikova et al.
(2020), and Czinnerova et al. (2020), several meters long
steel rods were used as electrode material. Except cathodes
in Cernik et al. (2020), where Fe-Zn liners were used.
The advantages of steel electrodes are affordability and
accessibility. Additionally, steel electrodes form hydrated
iron oxides during anodic oxidation, which can significantly
assist in the chlorinated ethenes removal (Cernikova et al.,
2020; Mu et al., 2017). On the other hand, steel anodes
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tend to corrode in an oxidizing environment leading to
their disintegration and dysfunction. Therefore, they have
to be replaced after certain time. Cernikova et al. (2020)
replaced anodes in 10 months interval, together three
times during the pilot experiment. Moreover, the gradual
dissolution of steel anodes contributes to the lowering of
current flow what decrease the efficiency of remediation.
In addition, it contributes also to the changes in Eh (redox
potential) values, when increasing Eh value nearby the
anode signalizes electrode passivation (Cernikova et al.,
2020). One of the disadvantages is, that stainless steel
electrodes may release alloying materials (Cr, Mo, etc.)
which might be dangerous for the environment (Cernik et
al., 2020).

In some cases, non-corrosive materials of electrodes
are more preferred. Fallgren et al. (2018) used titanium
electrodes (152 mm x 3 mm) coated with metal mixed
oxides, due to their resistance to anodic corrosion. Due to
aim of research (focus on changes in redox potential), the
non-corrosive materials had to be used.

Likewise, Reynolds et al. (2017) used 1.5 m long
titanium tube electrode coated with an MMO (mixed
metal oxides electrodes) (with diameter of approx. 6 cm)
to prevent passivation and corrosion of the electrodes. In
electrokinetically induced degradation of contaminants
(chlorinated ethenes — TCE), three titanium coated MMO
electrodes were inserted into the redox barrier by Sale et
al. (2005). Carbon steel cathodes and stainless steel anodes
were used in the pilot scale experiment during remediation
of arsenic in the soil and groundwater in the southern
United States (U.S. EPA, 2000D).

3.1.2 Evaluation of physico-chemical parametres in field
applications

At the beginning of the field application, physico-
chemical parameters: pH, redox potential, dissolved
oxygen content, and conductivity should be measured.
Further, at sites contaminated by chlorinated hydrocarbons,
concentrations of VOCs (volatile organic compounds),
DHGs (dissolved hydrocarbon gases — methane, ethene
and ethane), VFAs (volatile fatty acids), metals and
anions (nitrate, sulfate, and chloride) should be monitored.
Analysing of various carbon indicators, such as TOC (total
organic carbon) and VFAs, allows the subsequent tracking
of electron donor distribution, and should be monitored
in soils as follows: Volatile Organic Compounds (VOCs),
metals, microbial characterization and grain-size of soil
mass (Cox et al., 2018).

Application of low-intensity DC causes changes in
redox potential (oxidation-redox reaction). The in situ
manipulation of redox potential improves the degradation
and reduction of groundwater and sediment contaminants
(e.g. TCE) (Fallgren et al., 2018).
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The values of redox potential and pH of the groundwa-
ter reflect the effect of the electrochemical process in
groundwater chemistry. In particular, the mobility and
transport of inorganic substances depend on the redox po-
tential and pH of the solution (Sale et al., 2005).

The relationship between pH and migration of heavy
metals is well known and has been shown in Peng et al.
(2013). Heavy metal distribution was tightly related to pH
distribution, where heavy metal mobility was higher under
acid conditions and their migration was retarded/reduced
at the pH-jump zone (zone of the sharp interface of pH
values created as a result of electrolytic decomposition of
water).

According to the study presented by Fallgren et al.
(2018), investigating the treatment of the contaminated
aquifers with chlorinated aliphatic hydrocarbons, the
electric field extends also outside the area between
the electrodes; therefore, the redox potential changes
are observable beyond the direct line between the
electrodes. The external application of an electric field
influenced redox potential in horizontal (> 7.9 m) and
vertical directions (> 7.6 m). Based on this study, it was
observed that the radius of electrical impact depends on
the resistance of surrounding materials in the vicinity of
electrodes. Furthermore, the authors stated that chemical
manipulation of redox potentials is limited by properties of
contaminated matrices, such as permeability, heterogeneity
and groundwater flow velocity.

Electrochemical remediation is characterized by
applying lower electrical potential < 12 V.m™' to the aquifer,
compared to the electrokinetic remediation. It results in
limited movement of contaminants, which on the other
hand, enhance electrochemically induced redox reactions
in the electric field. Certain soil compounds, such as soil
particles and humic acids, can serve as “microelectrodes”.
The microelectrodes principle was covered in the study
of Rahner et al. (2002), where authors discussed a new
approach to the remediation of the soil with organic
contamination.

At the Hofice site, where electroremediation was ap-
plied for decontamination of aquifer by chlorinated ethe-
nes, course of Eh and other physical-chemical parameters
was monitored with 11 monitoring boreholes. In the cath-
odes area, the Eh values changed from the initial values
of around +200 mV almost immediately after the electri-
cal current was connected, and gradually decreased up to
—400 mV. However, the increase in Eh was observed after
electrode passivation (i.e. dissolving of sacrificial metal
electrodes leads to decreasing performance of remedial
process). On the contrary, there were no significant chang-
es during the process in the anode area observed; the Eh
values were kept around +200 mV. The pH values varied
from 6 to 8§ across the treatment area. Only in one bore-
hole with cathode, the pH reached higher values, up to 12,
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while conductivity also increased. Changes in pH were ob-
served only after electrolytic decomposition of water (after
exceeding the voltage decomposition). Groundwater flow
with changed pH expanded through the aquifer due to dis-
persion, electromigration, and groundwater flow. Changes
in Eh were not dependent on the groundwater flow (Cernik
et al., 2020).

Sale et al. (2005) observed the spread of oxidized con-
ditions upstream and downstream from the barrier during
operation of an electrokinetically induced redox barrier.
The changes in both trends — redox potential and pH, led to
the decrease of alkalinity and calcium concentration from
upstream to downstream from the barrier. Several field
applications of the pH control amendments — reagents to
avoid significant pH-changes and simultaneous pH-jump,
are mentioned below.

Reynolds et al. (2017) wused buffer solutions
(monobasic and dibasic potassium phosphate) in both
(anode and cathode) electrode wells, and maintained the
pH at neutral range (6 to 8). Potassium phosphate was
introduced periodically into the anode well, when oxidant
persulfate was electrokinetically delivered into geological
environment. The pH control reagent — potassium
carbonate (K,CO,), was used also in the field application
performed by Cox et al. (2018). The buffer was added into
the supply wells before the addition of the electric donor
(potassium lactate) and also during the addition of lactate
into subsurface environment. In Riis et al. (2012), water
has been recirculated between cathodes and anodes for pH
control in electrode wells. For further pH control, NaOH
was added to the anode wells and lactic acid was added to
the cathode wells. However, authors Cernik et al. (2020),
Cernikova et al. (2020), and Czinnerova et al. (2020) did
not use any buffer solution during their investigations,
when they focused on integration of electrokinetic
treatment coupled with nZVI. A special electrolyte system
is used to improve conditions of physical parameters
(pH, Eh) around the electrodes, and in order to collect the
contaminants around the electrodes (Lageman & Pool,
2009). The amendment of buffer solution seems to be
effective also by metal degradation process (Gill et al.,
2000; U.S. EPA, 2000a) or to create stable conditions by
delivering amendments, e.g. sodium persulfate into the
soil (Reynolds et al., 2017).

3.1.3 Applied current density

The electrical current and voltage gradient established
across a direct-current electric field provide the driving
force for the transport of remediation amendments (incl.
electron donors, chemical oxidants, and even bacteria)
through the subsurface. Electrokinetic phenomena can
achieve relatively uniform transport in low-permeability
materials (Cox et al., 2018).
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Depending on the contaminated site location, the
technology should be placed with respect to the utilities that
are electric interference sensitive or corrosion endangered.
Some protecting measures (cathode grounding) or
consultations with facility power or electrical suppliers are
sometimes needed (Cox et al., 2018). The current density
was calculated from the total current using the bulk area of
the electrodes. Subsequently, the result DC was normalized
to the wetted area of electrobarrier. The wetted surface of
the electrolytic barrier (electrodes) was determined from
the depth of groundwater measurements (Sale et al., 2005).

Observed variabilities in DC values may result from
electrical conductivity variableness of the groundwater,
which is affected by the resistance to current flow inside
the electric field (between electrodes) (Sale et al., 2005).
Current density can be influenced by anodic passivation
(Cernikové et al.,, 2020), speed of ground water flow,
temperature (Kim et al., 2012), and other specific properties
of the treated environment.

As Grande and Gent (2002) stated, during
electrochemical remediation of chlorinated hydrocarbons,
current density should be lowered due to chlorine gas
production (Cl,) at anodes, which can subsequently form
chloroform with organic carbon. Chloroform has to be
vented out by air sparging (Niroumand et al., 2012).

Not just DC can be applied to remediate contaminated
sites by electroremediation, but also the altering current
(AC) can create suitable degradation conditions. When ap-
plying AC power to electrode configuration, the soil heats
up, and the rising temperature thermally activates elec-
trokinetically implemented amendments (e.g. persulfate’s
free radical *SO,") distributed by electromigration process
(Reynolds et al., 2017).

Most of the available studies used lower voltages. Cox
et al. (2018) used voltage <30 V during electrokinetically-
enhanced amendment delivery forin situ bioremediation via
enhanced reductive dechlorination of a tetrachloroethene
source area in clay. Cernik et al. (2020) and Czinnerova
et al. (2020) operated with 24 V current flow. Cernikové
et al. (2020) worked also with 24 V, when by applying
24 V to electrodes (at the resistance of the geological
environment 0.4—1.2 Q), created DC reached from 7 A to
15 A. Except for the research by Kim et al. (2012) and
research by U.S. EPA (2000b), where they used 100 V, and
440 V respectively, it can be summarized that low voltage
is most commonly applied.

3.1.4 Influence of native sulfate, iron, carbonates and
chloride
Carbonates

The concentration of main cations (e.g. calcium, iron,
magnesium) in groundwater could significantly influence
the differences in costs of the construction system (Cox et
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al., 2018). The buffering system of carbonates influences
the evaluation and spatial distribution of pH in the
environment. The effect of buffering by carbonates hinders
the spread of so-called pH-jump (Ldopez-Vizcaino et al.,
2017).

Since the presence of carbonates in the soil systems
increases the buffering capacity, heavy metals are present
in precipitated hydroxide or carbonate forms, which
prevent the solubility and the releasement of heavy metals
from soil into the pore flux and, therefore, decrease the
efficiency of the treatment method (Ouhadi et al., 2010).
However, the high content of carbonates does not impact
the electroosmosis phenomena. Electrolysis of water
occurs at electrodes. The production of OH™ ions at
cathodes causes calcium precipitations, which clog the
soil pores and prevent further transport of dissolved heavy
metals ions (Ouhadi et al., 2010).

The presence of carbonate geology and aqueous phase
liquid affected the performance of the Electrically Induced
Redox Barrier. The high pH values at the cathode favour
the precipitation of carbonate minerals (CaCO,). The
covering of the cathode surface available for contaminant
degradation reactions limited the performance of the
process. The current density and geochemical quality
of water were used as indicators for scale formation,
primarily due to the direct correlation between electrode
areas and scale formation. Implementing a three-clectrode
configuration of the electrolytic barrier and subsequent
regular polarity reversals hindered precipitate build-up at
the cathodes. Polarity reversals are carried out remotely
using a wireless connection to on-site data logging
instrumentation. The polarity reversals were executed
weekly every 12 hours. The process should be easily
automated during a large full-scale operation (Sale et al.,
2005).

Chloride, iron and sulfates

High levels of chloride and/or iron require particular
engineering control measures (e.g., corrosion protection)
or more operational maintenance efforts for fouling
controls. Iron fouling is also a common challenge to other
in situ remediation technologies (Cox et al., 2018).

Particular attention should be given to iron contents in
the treated zone due to the possible concentration of iron
ions around the cathode with subsequent fouling of the
cathode surface (Cox et al., 2018). On the other hand, the
presence of natural iron in the treated area can be utilized
to reduce, e.g. chlorinated ethenes. Stainless steel anodes
can create reduction conditions (Fe** stability) by anodic
dissolution and also gradually dissolve iron from the
geological matrix. Thereby, subsidizing environment with
iron ions, which will react with the target contaminants
(Cernikova et al., 2020).
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The mineral phases (siderite and ferrous hydroxide) are
partially soluble at lower or normal pH values. Therefore,
these mineral phases can re-introduce Fe*" ions into the
treated geological environment, thereby facilitating the
reductive dechlorination of chlorinated hydrocarbons,
primarily ethenes. Furthermore, the iron itself cannot be
affected by cathodic reductive processes (Cernikova et al.,
2020).

In electrokinetically induced redox barrier field
treatment, chloroform was detected as a result of DC
application. This observation was not detected in the prior
laboratory experiment. The presence of chloroform is
ascribed to chloride oxidation to chlorine with subsequent
reaction of carbon compounds with chlorine. The authors
attributed this to higher content of oxygen in field treatment
than in the laboratory study, and chlorine reaction with
carbon compounds containing a methyl-keton functional
group (Sale et al., 2005).

The observation that electrochemical remediation was
the source of chloroform was confirmed also in the field
electrokinetic extraction of metals at the contaminated
site at Naval Air Weapons Station (NAWS) Point Mugu,
California. The electrochemical transformation of naturally
occurring chlorides into chlorine contributed to the further
reaction of chlorine with organic material in the shallow
soil layer. To avoid trihalomethanes production during
treatment, the electrode wells were periodically pumped
down, and air sparged the free chlorine generated in the
anode wells. However, the authors do not confirm the high
efficiency of the electrokinetic extraction of these metals.
This research has just proven the mobility and transport
of the contaminants through the electric field towards the
cathode by application of DC (U.S. EPA, 2000c).

Very high concentrations of sulfate or nitrate may
challenge the supply of electron donors for promoting and
sustaining reductive dechlorination. This limitation is not
specific to electrokinetic amendment delivery, instead, it
is a limitation for anaerobic in situ bioremediation (Cox
etal., 2018).

4 Laboratory experiment

The following section contributes with our investigation
results of the DC application (alone) in degradation of
target contaminants — chlorinated aliphatic hydrocarbons
(CAH). The degradation was conducted in laboratory
condition, in the sample of native groundwater, taken from
the environmental burden in Zlaté Moravce (Slovakia).
Groundwater in the area of the environmental burden
is massively contaminated with chlorinated aliphatic
hydrocarbons by industrial activities (e.g. manufacturing
of fridges) conducted in the area in the past. Besides
chlorinated hydrocarbons, contamination of groundwater
with petroleum hydrocarbons was identified (Auxt et al.,
2019).
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4.1 Materials and methods

Samples of native groundwater from environmental
burden were taken from borehole applying the Slovak
Technical Norm STN EN ISO 5667 (2018). The laboratory
analyses were conducted in the accredited laboratory ALS,
s.r.o., Prague, Czech Republic. Concentration of volatile
organic compounds in water samples was analysed
by gas chromatography with FID and MS detection.
Concentrations of the dissolved chlorides were determined
by liquid chromatography. The concentration of chlorinated
hydrocarbons (sum of 5 selected ethenes) in the sample of
native groundwater, taken from the environmental burden
before experiment, was 5 900 pg.l"".

The composition of the laboratory set-up designed
for the electroremediation of chlorinated hydrocarbons
consisted of two connected compartments, closed on the
top with a lid (see Fig. 4). This set-up was designed for the
observation of anodic and cathodic reactions.

ampermeter

source of DC

Fig. 4. Design of laboratory set up.

The length of the experiment was three weeks (21 days).
During the experiment, gradual increase of DC (20 V,
40 V and 60 V) was applied, during which degradation
of chlorinated hydrocarbons and changes in physical-
chemical properties — values of pH, redox potential (Eh),
conductivity (EC), and concentrations of iron (Fe?*, Fe*")
and chloride (CI") were evaluated. Samples of groundwater
from the compartments were collected at regular intervals
— every second day for the first week, and two times
per week in the second and third week. Both electrodes
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(anode and cathode) were steel-alloy rods, containing
a nonspecified amount of iron and other alloys.

4.2 Results and discussion

The reason for selecting the iron-containing electrodes
was their affordability, specific surface, and, based on the
available literature (Czinnerova et al., 2020; Cernik et al.,
2020, Pavelkova et al., 2021), their proved efficiency in
the degradation of chlorinated ethenes.

During the laboratory experiment, changes in
groundwater properties were observed. Reductive
conditions were recorded in the cathodic compartment
(negative values of redox potential up to —121.25 mV from
initial 188.25 mV) with pH values increased up to 9.12
(see Fig. 5a). On the other hand, in anodic compartment
oxidizing conditions should be reached according to the
equations of water electrolysis (see above eq. 1). However,
due to the corrosion of reactive anodic material, reductive
conditions occurred also in the anodic compartment, as a
result of dissolved ferrous ions (Fig. 5b).

Pavelkova et al. (2021) also reported a slight decrease
in Eh and a significant increase in pH in the cathode
compartment. Further, they state that after about 100
hours of experiment, iron reached the stability limit of
Fe(OH),, where Fe(OH), dissolves under strongly alkaline
conditions (see below eq. 4).

The values of redox potential in our anodic com-
partment decreased from initial values of 188.25 mV to
—105.6 mV. The values of pH in anodic compartment
slightly decreased from initial pH 6.8 to pH 6.53, but no
significant changes in pH were observed.

In the case of our laboratory experiment in the anode
compartment, there were no significant changes in pH,
as reported by Pavelkova et al. (2021), where pH had
a declining trend. The reason may be a slightly different
electrode material, as steel-alloy rods were used in our
experiment and Pavelkova et al. (2021) used stainless
steel. Another explanation for the slightly different pH
development may be the fact that in our case, an ion
membrane was not used to prevent the transfer of ions
between the reactors, which was used by Pavelkova et
al. (2021). The cathodic development of pH and Eh is
comparable to this study.

Concentrations of dissolved ferric ions Fe** (6.82 mg.1™")
were recorded mainly in anodic compartment, where
the water was coloured into the ochre due to electrode
dissolution. In comparison, in the cathodic compartment
mildly milk colour of water with a white film (coating)
of precipitated carbonates on the surface of the cathode
occurred. This precipitated crust occurred as a response
to the mineralization of native groundwater samples with
increased Ca-Mg HCO,™ content.



Fig. 5. Diagram of the development
of physical-chemical properties du-
ring the laboratory experiment in: a)
cathode compartment (left), b) anode
compartment (right).

After three weeks of the la-
boratory experiment, higher ef-
ficiency of chlorinated ethenes
degradation was achieved in
anodic compartment than in the
cathodic one. The degradation
efficiency reached the average
92.7 % in anodic compartment
and 88.12 % in cathodic compart-
ment (total degradation efficiency
can be seen in Fig. 6).

The results obtained indicate
that the anodic reactions were
more efficient in degradation of
chlorinated aliphatic hydrocar-
bons. This is primarily due to
acidic dissolution of anodic elec-
trodes, which leads to the relea-
se of Fe? " ions into the aqueous
environment and the creation of
reducing conditions (Mao et al.,
2011; Pavelkova et al., 2021),
as Fe ' ions are an important
reductant involved in the reduc-
tive dechlorination of chlorinated
hydrocarbons. Oxidation of Fe?
to Fe’* releases electrons that
reduce chlorinated hydrocarbons.
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Increased Fe** concentrations analysed in ano-
dic compartment indicate that the oxidation of
Fe?* ions into Fe** occurred quickly. During the
oxidation of Fe*" in an aqueous solution to so-
luble or precipitated forms of Fe(OH),, protons
were formed, which are also involved in the
degradation of chlorinated aliphatic hydrocar-
bons according to reaction eq. 3 (Pavelkova et
al., 2021):

Fig. 6. Total degradation efficiency of selected chlo-
rinated aliphatic hydrocarbons (CAH) during electro-
remediation in the laboratory experiment.
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Fe?+ + 3H,0 = Fe(OH), + 3H" + & equation 3
The cathodic dechlorination of chlorinated hydrocar-
bons produces Fe(OH), compounds, which dissolve under
strong alkaline conditions to form Fe(OH), compounds,
releasing H*, which participates in the reduction of chlo-
rinated aliphatic hydrocarbons according to reaction eq. 4
(Pavelkova et al., 2021):
Fe(OH), + H,0 = Fe(OH)-, + H* equation 4

Final concentration of chlorinated hydrocarbons
reached 432 pg.1"! in anodic compartment and 701 pg.1"! in
cathodic compartment from initial 5 900 pg.I"!. The higher
anodic degradation can also be confirmed by an increased
concentration of chloride ions from the dechlorination
process in that compartment.

This laboratory experiment confirmed the efficiency of
chlorinated hydrocarbons degradation in a native sample
of contaminated groundwater, while a higher efficiency
was recorded in the case of an anode (anodic reactions).
The possibility and theoretical effectiveness of using chlo-
rinated hydrocarbons electrodegradation directly at the
contaminated site were confirmed. The results obtained in
a laboratory experiment can be used to optimize chlori-
nated hydrocarbons degradation in situ on a contaminated
site.

5 Conclusion

Electroremediation was proved as an effective tre-
atment method for contaminated sites with low hydraulic
conductivity. The application of DC highly affects the geo-
chemical properties of the treated areas and subsequently
creates specific pH and redox potential conditions in the
environment. Laboratory scale studies, bench scale or ex
situ pilot studies may seem to prove a high efficiency of
degradation, however direct in situ application in real geo-
logical environment condition may be significantly diffe-
rent. In the case of effective use of electrodegradation, it is
important to optimize the conditions and technical specifi-
cations of the electrodegradation intervention.

In conclusion, the high efficiency of this remediation
method in chlorinated hydrocarbons degradation has
been confirmed under laboratory condition. The highest
degradation efficiency (92.7 %) was achieved by anodic
reactions. In contrast, cathodic degradation achieved
a lower efficiency of 88.12 %. Furthermore, high rate
of chlorinated hydrocarbons degradation was observed
already at a voltage of 20 V and subsequently highest
degradation was observed at 40 V. The maximum applied
current was 14.3 mA. During the experiment, anodic
dissolution of the electrodes and the formation of white
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coatings (carbonates) on the cathode were observed. The
appearance of these carbonate coatings was probably
also a consequence of lower chlorinated hydrocarbons
degradation efficiency in the cathode compartment.

Based on literature review and small-scale laboratory
experiment, the pilot-scale in situ degradation of chlorinated
hydrocarbons in the groundwater of the contaminated site
Zlaté Moravce was optimized. The results of the pilot
scale experiment show relatively high removal efficiency
(average ca. 88 %). At present, this pilot scale experiment
is no longer taking place at the Zlaté Moravce site due to
the permit’s expiry to carry out this experiment.

Most reviews and scientific papers investigating the
electrokinetic or electrochemical remediations are usually
based on both laboratory and field or pilot applications.
This short summary provides published field studies, final
reports and terrain applications with the major technical
optimizations for the in situ degradation of chlorinated
hydrocarbons. As can be seen, there is only limited number
of available field application studies of electroremediation
treatment of chlorinated hydrocarbons. There still exist
uncertainties in this developing approach.
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Elektroremediacia v zoénach s nizkou hydraulickou vodivostou — su¢asny stav
poznatkov a laboratorny experiment

Neustale sa zvySujuce industridlne aktivity maju
vyznamny vplyv na kvalitu Zivotného prostredia. V minu-
losti sa vo vztahu k zivotnému prostrediu pristupovalo
vel'mi nedbalo. Dosledkom takychto ¢innosti boli uniky
znecistujucich latok do okolitého prostredia. Mnohé loka-
lity boli kontaminované a znecistené réznymi potencialne
toxickymi prvkami, organickymi latkami a d’al$imi zne-
cistujucimi latkami, ktoré maju negativny vplyv na
kvalitu pody, podzemnej vody a okolitych ekosystémov.
Zdroje podzemnej vody patria medzi najohrozenejsie Casti
zivotného prostredia. Konvencné sanacné metddy v dobre
hydraulicky priepustnom geologickom prostredi (Strkové
nanosy, piesky s priepustnostou > 10* m . s ') st relativne
efektivne v degradacii znecistujicich latok. Naopak, sla-
bo hydraulicky priepustné geologické prostredia (ily, silty
s priepustnost'ou < 1077 m . s™') st pomerne obt’aZne sano-
vatel'né konven¢nymi spésobmi v dosledku obmedzeného
hydraulického gradientu. Primarnou prekdzkou sanacnych
metdd in situ v slabo hydraulicky priepustnych zonach
je casto neefektivny transport podpornych sanacnych
¢inidiel a neefektivne hydraulické cerpanie znecistenej
podzemnej vody. Preto sa uz v minulosti vyvijali nové
a inovativne technologie a metody, ktoré by efektivne
odstranovali znecistujiice latky z tychto médii. Sposob
sanacie prostrednictvom jednosmerného elektrického
pradu sa preukazal ako vhodny a efektivny spdsob re-
medidcie v slabo hydraulicky priepustnych prostrediach.
Tato praca predklada zakladné charakteristiky a principy
elektroremediacie ako relativne inovativnej a stale sa
vyvijajucej metddy. V Casti popisujlicej pilotné a terénne
aplikacie v podmienkach in situ na inych lokalitach su
predstavené zakladné technické nalezitosti tykajtce sa ap-
likovatel'nosti tejto sanacnej metédy priamo v terénnych
podmienkach. Diskutované st najmé rézne rozmiestnenia
elektréd (elektrodové konfiguracie), aplikované napitia,
vol'ba vhodnych materidlov elektrod pri vybranych, dosial
realizovanych terénnych aplikaciach in situ tejto metody.
Zhrnuté su aj poznatky o vplyve aplikacie tejto metddy
na zmeny fyzikalno-chemickych parametrov, akymi su
najmd pH a Eh (oxida¢no-redukény potencial), konduk-
tivita a teplota. Spomenuté si aj komplikacie spojené
s aplikéaciou tejto metody pozorované inymi autormi, ktoré
spdsobovali technické problémy pocas sanacie (napriklad
upchavanie povrchov elektrod vyzrazanymi povlakmi
vodného kamena) a ich spdsoby odstraniovania.
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Degradacia chlorovanych uhl'ovodikov (CIU) aplika-
ciou jednosmerného elektrického pradu bola v ramci tejto
prace testovana v laboratornych podmienkach. Ciel'om
tohto vyskumu bolo $tudium degradacie chlérovanych
uhl'ovodikov v nativnej vzorke znecistenej podzemnej vody
pochadzajucej z priemyselného arealu — environmentalne;j
zat'aze (Zlaté Moravce, Slovensko).

Staticky experiment degradacie chlérovanych uhlo-
vodikov prebiehal v dvoch vzdjomne prepojenych tmavych
a uzavretych nadobach, do ktorych boli umiestnené po
jednej elektrode. Ako elektrodovy material boli pouzité
zeleziarenské materidly s neSpecifikovanym obsahom
Zeleza a dalSich primesi. Laboratorny experiment trval 21
dni s postupnym zvySovanim elektrického napitia — 20 V,
40 V a 60 V kazdych 7 dni. Z naddob sa po 1, 3, 6, 10, 14,
17 a 21 dioch odobrali vzorky vody a merali sa zakladné
fyzikalno-chemické parametre (pH, Eh, EC). Koncentracia
5 CIU a ich suma v odobratych vzorkach bola stanovena
v akreditovanych laboratériach ALS, s. 1. 0., Praha, Ceska
republika. Pociatocna koncentracia Cl1U (suma 5 vybranych
chlérovanych eténov — tetrachléretén, trichloretén, cis-1,2-
a trans-1,2-dichloretén, 1,1-dichloretén) bola 5900 pg . 17

Pocas laboratérneho experimentu boli pozorované
zmeny vo fyzikalno-chemickych parametroch. V katddove;j
Casti sa vytvorili redukéné podmienky (pokles parametra
Eh) a zéasadité podmienky (narast pH). V anodovej Casti
sa hodnoty pH vyraznejSie nemenili. Pri parametri Eh boli
zaznamenané redukéné hodnoty, ktoré pravdepodobne
vyplyvali z uvol'ovania Zeleznych i6nov z rozptstajucich
sa and6d. Z pozorovani ucinnosti degradacie CIU
prostrednictvom aplikovania jednosmerného elektrického
pradu vyplynulo, Ze andédy preukazali vyssiu schopnost’
degradacie CIU (priemerne 93 %) — najmé v dosledku
rozpustania zelezného materialu andéd a dotovania
okolitého prostredia ionmi Fe**, ktoré sluzili ako redukéné
¢inidlo. Pri oxidacii zeleznatych ionov Fe?' na Zzelezité
iény Fe** sa do okolitého prostredia uvolfiuja elektrony,
ktoré sa podiel’aju na rozklade chlérovanych uhl'ovodikov.
V katédovej casti bola zaznamenand nizSia UCinnost
degradacie (priemerne 88 %), pravdepodobne v dosledku
zana$ania povrchu katdody vyzrazanou vrstvou vodného
kamena, ktora sa vytvarala z vyzrazania ionov Ca?* a Mg*".

Utinna degradacia chlorovanych alifatickych uhlo-
vodikov prostrednictvom jednosmerného elektrického
prudu v nativnej vzorke podzemnej vody bola preukazana



Mineralia Slovaca, 54, 1 (2022)

laboratornym experimentom. Tym sa potvrdil potencial
vyuzitia elektrodegradanych t¢inkov na sanaciu chléro-
vanych uhl'ovodikov na tejto modelovej lokalite. Vysled-
ky ziskané v laboratérnom experimente mozno pouzit
aj na dalSiu optimalizaciu degradacie chlérovanych
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uhl'ovodikov v podmienkach in situ, priamo na modelove;j

lokalite environmentalnej zat'aze.
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