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Abstract

The improvement of remediation processes is necessary due to the impact caused by heavy metal ions and organic
ionic compounds. Due to the lack of a universal method, several factors must be evaluated before choosing a technique.
Vitrification and electrokinetics are soil remediation technologies that use the electrical potential to remediate. In
vitrification the contaminant is immobilized in the soil, in electrokinetics, the contaminated material is separated
from the soil. This bibliographical review had as main aim to approach vitrification and electrokinetics techniques
in soils remediation. This review does not intend to exhaust the subject, but to approach the principles, application
forms, advantages, disadvantages, efficiency, costs, and the application of the most cited methods in the literature.
Vitrification has proven to be a safe technique, easy to apply and with good efficiency, however highly expansive.
Electrokinetics proved to be more economically workable, with a variety of applications and with high efficiency.
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1 Introduction

Soil is composed of variable amounts of minerals
from the weathering of rocks plus the portion of orga-
nic matter from plant and animal remains. With a high
population of microorganisms, the soils are generally
dynamic and have their own characteristics, being
formed by solid, liquid and gaseous phases (FONINTI;
ROJAS, 2006).

Pollutants or contaminants may be concentrated in
the different phases of the soil, in saprolites, in regoliths,
in sediments, in rocks, in groundwater or, in general, in
saturated and unsaturated zones. The presence of any
chemical in these sites, due to anthropic activities, and
in concentrations that restrict the use of the method
characterizes the contamination (CONAMA, 2009).

Soil contamination has generated concern among en-
vironmental agencies in several countries due to the large
number of such areas (HU et al., 2006). The investments
necessary for the remediation and decontamination of
these sites are considerable, that way several techniques
of soil remediation have been developed (USEPA, 2004).

The choice of decontamination method depends on
several factors, since there is no universal method (LIU
et al., 2004). There are methods that can be applied
ex-situ, where the soil is removed, or in-situ, without
soil removal. Moreover, the methods can be distinctive
by the form of action in the contaminant, such as im-
mobilization, separation, containment and degradation
(BRAGATO, 2006).

The vitrification method is an in-situ soil remediation
technique, where the contaminant undergoes the immo-
bilization process. The procedure consists of forcing the
electrical passage through electrodes until it fuses the
contaminant in the place itself, forming a non-dangerous
vitreous phase (PARNELL et al., 2001).

Electrokinetic remediation, also known as electro-
migration or electrocorrection, is an in-situ applied
technique, the process consists in the application of
a low intensity electric current through pairs of elec-
trodes buried in the ground; the contaminants migrate
to the respective electrodes in a process of separation
(ALSHAWABKEH; YEUNG, BRICKA, 1999).

The present work is a scientific review about the
application of techniques, such as vitrification and elec-
trokinetics in soil remediation, presenting aspects such
as costs, efficiency, global utility among other details.

Vitrification is a process that permanently captures
harmful chemicals in a solid block of glass-like material.
This prevents them from leaving the place. Vitrifica-
tion can be done in situ or ex situ. The technique uses
electrical energy to create the heat needed to melt the
soil. The electrodes are drilled in the polluted area.
An electric current is passed between the electrodes,
melting the soil between them. The melt begins near
the surface of the soil and moves downward. As the

soil melts, the electrodes sink even more, making the
deeper soil molten as well. When the energy is turned
off, the molten soil cools and vitrifies, which means
that it turns into a solid block of glasslike material.
The electrodes become part of the block. When vitri-
fied, the original volume of the soil decreases. This
causes the surface of the soil in the area to be slightly
lowered. To level it, the sunken area is filled with clean
soil (USEPA, 2001).

According to Bielefeldt (2003), the technique is based
on the melting of the soil matrix and subsequent soli-
dification forming a solid block of amorphous vitreous
matter. It can performed ex situ in natural gas reactors,
where the temperature reaches 1500 ° C; or in plasma
reactors, where vitrification occurs between 1400 and
1650 ° C. In both cases the organic compounds are totally
eliminated (BIELEFELDT, 2003).

In situ vitrification uses a system of electrodes, usu-
ally of graphite, with 5 cm of diameter, inserted 60 cm
in the ground, forming a square of 1 m of edge. The
application of electric potential to the electrodes (25 kW,
13000 V) promotes sufficient temperature increase for
the fusion of most soil components (1900 °C) (USEPA,
2001; BIELEFELDT, 2003).

According to Neto (2000), initially, the area of soil
that will be treated is covered by a superficial layer
of graphite and fiberglass that serve to initiate the
process. Rectangular graphite electrodes are generally
employed and spaced apart maintaining an average
distance of 1.7 meters. Once the process is started,
the molten soil mass grows vertically from the surface
layer and longitudinally towards the center of the area
to be treated, from the wall of the electrodes. With the
increase of temperature, between 1600 and 2000 °C,
the organic materials present in the soils are initially
vaporized and later occurs the pyrolysis (opening in
absence of oxygen) of its constituent parts. Combustion
gases, mostly airborne, move slowly through the molten
mass toward the surface. One part can be dissolved in
the molten mass and another part can be emitted into
the environment after passing through a gas capture
and treatment system. The soil is cast at rates of 4 to
6 tons per hour and results in a meltdown of 1 to 2
inches per hour. The final reaction product has great
resemblance to vitreous material. While cooling, the-
re is a total volume reduction due to the contraction
during solidification.

This technique was widely used in several impac-
ted areas of the United States (Superfunds), with a
reduction in soil matrix volume ranging from 20% to
40%. Its disadvantage is the high cost and the strong
emission of gases during the application (PARNELL
et al., 2001).

One of the advantages observed in the application
of the vitrification technique is the low leaching of the
vitreous materials formed during the process. Vitreous
materials are slowly leached under the action of water
and have a stable structure. This feature reduces the
potential for contamination of hazardous elements to
the environment, allowing this technique to be very
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suitable for the treatment of hazardous and radioactive
materials (NETO, 2000).

After turning off the electricity, the mass cools in the
place, forming a monolithic glass with physical and che-
mical characteristics similar to those of volcanic glass. A
gas collecting system is used to process the effluent gas
and provide clean emission. This technique is succes-
sfully used in soil contaminated with mercury, arsenic,
organochlorine pesticides and PCBs. It is also used
with radioactive waste. The chemical stability achieved
by this method is sufficient to maintain the chemical
and physical members for more than one million years
(DYMINSKI, 2006).

This technology is most commonly used for immobi-
lization of metals, but associated with vapor extraction
techniques can be efficient in the extraction of vola-
tile organic compounds (USEPA, 2001). In this case a
cover is installed covering the heated area, collecting
the vapors for later treatment. The vitrified block
may be left in place definitively; however, periodic
sampling should be carried out in the surroundings.
This measure increases the level of environmental
safety (OSHA, 1993).

The depth of the vitrification technique is limited by
the length of the graphite electrodes and by the availa-
bility of energy. Pollutants react in various ways to this
remediation technique. Organic pollutants are pyrolyzed
and are generally reduced in gases. The gases rise to
the surface where they are collected by a gas booth for
further treatment (BEHM, 1997).

Electrokinetic remediation is an in situ technology that
consists in the controlled application of continuous low
intensity electric currents (low intensity direct electric
current) through two electrodes or more distributed in the
soil. The generated electric field moves the contaminant
allowing the extraction or separation of the contaminants
(MATURI et al. ., 2006).

Furthermore, the electric field mobilizes electrically
charged species, particles and ions in the soil by the
following processes: Electromigration: Consists of the
movement of the ions in the water retained in the soil
under the action of an electric field generated between
the anode and the cathode. The anions move toward
the anode and the cations towards the cathode. Elec-
trophoresis: It is the movement of charged particles
in the soil under the action of the electric field. Elec-
troosmosis: consists of the movement of groundwater,
or aqueous solution that has been added to promote
the movement of pollutants, the liquid typically flows
from the anode to the cathode. Electrolysis: a set of re-
active processes that happen on anodic and cathodic
surfaces placed in the soil, either directly or within
an electrolyte solution in contact with the soil (ACAR,
ALSHAWABKEH, 1993; LOPEZ-VIZCANO et al., 2012;
RODRIGO et al. 2014).

The application can occur alone or in combination
with other techniques (SAICHEK; REDDY, 2003; MENA
et al., 2015). The processes can be influenced by the use
of surfactants or reagents to increase the rate of removal
of the contaminants in the electrodes, these and other

details of the technique have already been addressed in
other works (BRAGATO, 2006; DOS SANTOS, 2015).

One of the most important advantages of the tech-
nology is the effectiveness for the treatment of soils of
low hydraulic permeability, where other techniques of
natural or traditional attenuation are not suitable. In
contrast, as a consequence of the process, the water’s
oxidation forms an acidic front resulting from H + ions
that moves towards the cathode mainly by electromigra-
tion, thus releasing the fixed pollutants in the soil. The
reduction of the water at the cathodic surface generates
a basic front opposite to the acid, due to the formation
of OH- ions, both fronts can be modified by the addition
of reagents (DOS SANTOS, 2015).

The first records of use of the technique are from
1939. The former Soviet Union was the pioneer, in
1970, of the use of the technique for extraction of
concentrated metals in the soil and to explore the
deep minerals. In the mid-1980s, the methodology
became a solution for contaminated soils, since then
several researchers and companies started to use the
technique (EPA, 2004).

In 1995 Geokinetics International Inc. obtained a
patent for the electrokinetic process. The methodology
controlled the electrolytic pH and electrolyte levels on
the electrode with the use of additives to dissolve the
contaminants; the estimated cost for this company was
$ 200 to $ 325/ m3 per year (EPA, 1997). Over the years,
more companies entered the field and other patents were
developed assisted by research institutions.

In situ experiments demonstrated the efficiency
and applicability of the technique, Jackman et al. (2001)
evaluated the methodology in a silt soil contaminated
with 811 mg / kg of dry soil with 2,4 dichlorophenoxya-
cetic acid, the soil compartment was 22 cm long, 7 cm
wide and 4 cm deep. A carbon felt anode and stainless
steel cathode were used at an applied current density of
0.89 A/ m 2. The pollutant moved towards the cathode
and the removal efficiency was 87.1%.

Another study evaluated the performance of the
treatment and cost analysis of the electrokinetic pro-
cess for the oxidation of trichlorethylene, using an
electric gradient of 1V / cm and a treatment time of
10 days. The results show that the graphite electrodes
are superior to stainless steel electrodes, that in sandy
soils the process is less efficient than in a clayey soil
showing that the performance is related to the per-
meability and that the costs of the process can be low
if they are adopted appropriate operating conditions
(YANG; LIU, 2001).

The technique was also used for separation of per-
chlorethylene in a sandy soil, the voltage gradient was
controlled at 1V / cm and the efficiency reached 90%
after a treatment of 10 days (CHANG; CHENG, 2006).
The application of electrokinetics for the remediation
of contaminated soils in situ proved to be an efficient
process for the extraction of different contaminants.
Table 1 below presents a comparison between the tech-
niques presented.
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Table 1 - Comparison between vitrification and electrokinetic techniques

Vitrification Electrokinetic
S Exsitu .
Application Insitu Insitu
Low leaching Occur with other techniques
Reduction of soil volume Surfactants or reagents increase efficiency
Advantages L .
Reuse of vitrified material Low cost
Agility and precision Low energy demand

Emission of gases

Disadvantages Limited application depth

High cost
Efficiency 95-99,9%
Costs High
Hazardous and radioactive
Indications materials

Immobilization of metals

Formation of acidic front and basic front
Lower efficiency

85-95,0%

Low

Hazardous and radioactive materials
Low permeability soils

4 Conclusions

Given the variety of methods and techniques of soil
remediation that exist today, this bibliographical re-
view had as main objective to approach the techniques
of vitrification and electrokinetics in soil remediation.
This review does not intend to exhaust the subject, but
to know the principles, forms of application, advantages
and disadvantages, efficiency, costs and application of
the methods most cited in the literature.

In this context, the techniques presented here proved
to be effective for the application in various soils and
pollutants. Contaminant immobilization techniques are
commonly proposed to avoid the free circulation of soil
residues. Vitrification, for example, can be efficient for
remediation of various types of chemicals in soils. Some
advantages in the application of the technique can be
observed, such as: On-site application, low pollutant re-
lease, soil volume reduction, re-use of vitrified material,
agility and precision.

When used properly, vitrification can be fairly safe,
however wet soil should be dried first to avoid formation
of vapors that may compromise the effectiveness of the
technique. The vitrified block that is left in place is per-
manent and not harmful to people and the environment.

Regarding the costs, the electrokinetic technique
proved to be more economically viable than the vitri-
fication method, although some parameters must be
analyzed prior to the application of the technique in
order to estimate the costs. Furthermore, electrokinetics
has been shown to be a very efficient technique and is
used in low permeability soils, the electrokinetics are
usually linked to other techniques for total removal of
contaminants.
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