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WELL DESIGNS FOR ELECTROKINETIC
REMEDIATION

This invention was made with Government support
under contact DACA39-93-C-0150 awarded by the United
States Department of Defense (Army). The Government has
certain rights in this invention.

BACKGROUND OF THE INVENTION

Electrokinetic phenomena include electromigration,
electroosmosis, and electrophoresis. Electroosmosis is
defined as the mass flux of a fluid containing ions through a
stationary porous medium caused by the application of an
electrical potential. The fluid moves through the voids in the
porous medium (e.g. soil) called pores. Each pore has a thin
layer of charged fluid next to the pore wall having a typical
thickness of between about 1 and about 10 nanometers. The
thin layer of charged fluid next to the pore wall is present to
neutralize the charge on the surface of the soil particle that
forms the pore wall. Fluid movement occurs in soil pores
because of the charge interaction between the bulk of the
liquid in the pore and the thin layer of charged fluid next to
the pore wall. Under the influence of a DC electric field, the
thin layer of charged fluid moves in a direction parallel to the
electric field. Large amounts of liquid may be transported
along with the thin layer of charged fluid as well as con-
taminants or other species contained within the liquid.

Electromigration is defined as the mass flux of a charged
ionic or polar species within a liquid or solution from one
electrode to another electrode. Electromigration and elec-
troosmosis may occur simultaneously and are the dominant
mechanisms through which conventional electrokinetic
transport processes occur.

Electroosmosis has been used as a method for dewatering
soils and sludges. The fundamentals of this method were
established through the work of Cassagrande and Grey.
During the 1970’s, electrokinetic metal recovery was used as
a method for mining metals, such as copper. These processes
involved insertion of electrodes into the ground. The elec-
trodes are enclosed within porous enclosures or wells. These
enclosures are filled with an electrolyte, typically an acid.

One recent application in which electrokinetic transport of
materials has found practical use is the electrokinetic reme-
diation of contaminants in soil. Electrokinetic remediation,
frequently referred to as either electrokinetic soil processing,
electromigration, electrochemical decontamination or
electroreclamation, uses electrical currents applied across
electrode pairs placed in the ground to extract radionuclides,
heavy metals, certain organic compounds, or mixed inor-
ganic species and organic wastes from soils and slurries. The
contaminants in a liquid phase in the soil are moved under
the action of the electrical field to wells where they are then
pumped out.

During electrokinetic processing, water in the immediate
vicinity of the electrodes is electrolyzed to produce H+ ions
at the anode and OH- ions at the cathode, causing the pH of
the soil to change, according to the following equations.

Anode Reaction

2H,0—0,+4e~+4H"
Cathode Reaction

Equation (1)

2H,0+2¢™—H,+20H" Equation (2)

If the ions produced are not removed or neutralized, these
reactions lower the pH at the anode and raise the pH at the
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cathode. Protons formed at the anode migrate towards the
cathode and can aid contaminant removal by increasing
metal extraction. In contrast, the hydroxyl ions formed at the
cathode do not migrate as efficiently as protons and can
increase the soil pH in the cathode region, as high as a pH
of 12, and cause deposition of insoluble species, thereby
forming regions of high electrical resistivity. These pH
changes can have a significant effect on the soil zeta poten-
tial as well as solubility, ionic state and charge, and the level
or adsorption of the contaminants. It is, therefore, desirable
to monitor and control the pH of the fluids in the vicinity of
the electrodes as well as the fluid transported from the anode
to the cathode.

In areas with highly porous mediums, such as sand, it is
difficult to stop the downward drainage of fluids including
contaminants. It is therefore desirable to control the flow of
fluids through highly porous mediums and overcome the
gravity induced downward drainage of the fluids.

The voltage drop across the well wall and the soil effects
the rate of electroosmotic flow depending on the type of soil
being remediated. It would be useful if the voltage drop
across the soil and the well wall could be controlled so as to
maximize electroosmotic flow through a porous medium.

There is a central dilemma regarding the make up of well
walls for the electrodes. For efficient electrokinetic
processing, the well walls must be highly permeable to fluids
and to ions. However, to prevent downward drainage, the
well must be highly impermeable to fluids. Ideally, the well
wall should provide “fluid rectification”, meaning the well
wall does not prevent electrokinetic processes (either elec-
trokinetically driven ion migration or the flow of fluid
occurring by electroosmosis) and inhibits the movement of
fluid by other means.

Electroosmosis is a very important phenomenon that can
be harnessed for fluid removal from soil or for the intro-
duction of fluids into the soil. However, there are difficultics
with electroosmosis, in particular, certain soil conditions do
not support electroosmosis, such as soil with relatively high
hydraulic permeability (i.e., relatively loosely packed sandy
soils). Electroosmosis is most effective in fine-grained soils
with pore sizes of about a micrometer or smaller, such as
clayey or silty soils. With sandy soils, gravitational flow and
downward drainage are usually the dominant fluid flow
processes. It is therefore desirable in certain circumstances
to design electrode well walls that inhibit downward drain-
age and promote electroosmosis in loosely packed soils.

SUMMARY OF THE INVENTION

The present invention generally provides layered arrange-
ments of materials to form electrode well walls to enhance
electrokinetic remediation. In particular, the well walls can
be double or multi-layer porous structures. Each layer in the
well wall has a different hydraulic permeability coefficient
(kh) and electroosmotic permeability coefficient (ke) from
the adjacent layer or layers. The outermost layer, closest to
the soil, typically has a distinctly different ke and kh than
does the surrounding soil. The well wall structures can be
used alone or can be combined with other electrodes in an
array in what is referred to as coupled porous structures. A
“coupled porous structure” means the coupling of the func-
tionality of the soil to be treated (as defined by its hydraulic,
electroosmotic, and electrical conductivity properties) to the
functionality of the well wall (as defined by its hydraulic,
electroosmotic, and electrical conductivity properties). Cou-
pling of different functionalities of one or more wells is used
to accomplish efficient electrokinetic remediation of a par-
ticular site. These well wall structures are particularly useful
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for electrokinetic remediation in high hydraulic permeability
soils which are typically difficult to treat because of low
electroosmotic flow and high fluid drainage.

Specifically, the invention provides an apparatus for elec-
trokinetic transport through soil, comprising an electrode
and a containment surrounding the electrode, the contain-
ment comprising a layer of a porous material and a rigid
porous member disposed between the electrode and the
porous material to support or secure the first material. The
porous material and rigid porous member allow passage of
water, hydrogen ions, hydroxyl ions and one or more target
ions. A preferred porous material is clay or ceramic and a
preferred rigid porous member is a perforated plastic tube.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the above recited features, advantages and objects
of the present invention can be understood in detail, a more
particular description of the invention, briefly summarized
above, may be had by reference to the embodiments thereof
which are illustrated in the appended drawings. It is to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not
to be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

FIG. 1 is a schematic drawing of one well wall design of
the present invention;

FIG. 2 is a schematic drawing of one well wall design of
the present invention;

FIG. 3 is a schematic drawing of one well wall design of
the present invention in combination with a surrounding soil
region;

FIG. 4 is a graph of soil pore pressure over time;

FIG. 5 is a graph of soil pore pressure over time;

FIG. 6 is a graph of the anode and cathode electroosmotic
flow rates as it relates to the pH of the cathode well solution
over time;

FIG. 7 is a graph of the anode, cathode, and soil voltage
as it relates to the pH of the cathode well solution over time;

FIG. 8 is a graph of the anode, cathode and soil conduc-
tivity as it relates to the pH of the cathode well solution over
time;

FIG. 64 is a graph of the anode and cathode electroos-
motic flow rates as it relates to the pH of the anode well
solution over time;

FIG. 7a is a graph of the anode, cathode, and soil voltage
as it relates to the pH of the anode well solution over time;

FIG. 8a is a graph of the anode, cathode and soil con-
ductivity as it relates to the pH of the anode well solution
over time;

FIG. 9 is a schematic drawing of an electrode well wall
design of the present invention;

FIG. 10 is a schematic drawing of an electrode well wall
design of the present invention; and

FIG. 11 is a schematic drawing of anodes and cathodes
having different well wall constructions positioned in-situ.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention generally provides layered arrange-
ments of materials to form electrode well walls to enhance
electrokinetic remediation. In particular, the well walls can
be double or multi-layer porous structures. Each layer in the
well wall has a different hydraulic permeability coefficient
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4

(kh) and electroosmotic permeability coefficient (ke) from
the adjacent layer or layers. The outermost layer, closest to
the soil, typically has a distinctly different ke and kh than
does the surrounding soil. The well wall structures can be
used alone or can be combined with other electrodes in an
array in what is referred to as coupled porous structures. A
“coupled porous structure” means the coupling of the func-
tionality of the soil to be treated (as defined by its hydraulic,
electroosmotic, and electrical conductivity properties) to the
functionality of the well wall (as defined by its hydraulic,
electroosmotic, and electrical conductivity properties). Cou-
pling of different functionalities of one or more wells is used
to accomplish efficient electrokinetic remediation of a par-
ticular site. These well wall structures are particularly useful
for electrokinetic remediation in high hydraulic permeability
soils which are typically difficult to treat because of low
electroosmotic flow and high fluid drainage.

Ideal soil conditions for electroosmosis have a hydraulic
permeability coefficient (kh) of about 10™® cm/s and an
electroosmotic permeability coefficient (ke) of about 10~°
cm?/vs. The following table summarizes the hydraulic per-
meability and electroosmotic permeability ranges for differ-
ent types of soils that may be subjected to electrokinetic
remediation.

Hydraulic Electroosmotic
Soil Permeability Permeability
Type (cm/s) (cm?/Vs)
sand 107 to 1072 107 to 107°
clay 107° to 107® 107 to 107°
loosely packed 107% to 107° 107° to 10°®
sandy/silty

The well wall structures referred to herein are made of
materials having various ke and kh coefficients. The follow-
ing table illustrates some examples of materials used to
construct electrode well walls and their respective kh and ke

coefficients.
Hydraulic Electroosmotic
Material Permeability Permeability
sand 107 to 1072 107° to 107°
clay 107° to 107° 107 to 107°
clay/sand mix- 10> to 1077 1076 to 1077
ture (80/20)
PVC pipe with >0.1 cm/s
holes (0.7-1
cm diameter)
ceramic
polyethylene >0.1 cm/s
filter

FIG. 1 is a schematic view of an electrode well that can
be used in a coupled porous structure for an anode. The well
structure shown is useful in sandy and/or loosely packed soil
having high kh and low ke properties because the well wall
promotes electroosmosis through the soil. The outer layer 12
of the well wall is made of a layer of low kh and high ke
material such 10 as clay i.e., kaolin or bentonite. Inside the
clay-type layer 12 there are three low ke high kh layers.
Immediately adjacent to the clay type layer 12 is a sand layer
14 consisting of course granules that act as a filter to keep
clay particles away from the interior of the well because clay
particles have a strong tendency to migrate towards the
anode. Adjacent to the sand layer 14 there is a polymer film
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or filter layer 16 which is freely permeable to fluids and
keeps the sand particles from flowing into the well. Adjacent
to the polymer filter layer 16 is a pipe layer 18 with holes
extending through the walls of the pipe 18 making the pipe
freely permeable to fluids. A suitable pipe material is poly-
vinylchloride.

FIG. 2 is a schematic of an electrode well wall containing
a high ke low kh layer, such as a clay layer 12 surrounding
a ceramic layer 19. This type of well wall can be coupled
with soil having high kh and low ke properties such as sand.
A low kh layer in the well wall is desirable because it
prevents or minimizes fluid losses due to downward drain-
age from the well, which would otherwise occur rapidly in
a high kh, low ke soil. Fluid is therefore retained around the
electrodes. However, when a current is applied across the
soil, fluid is transported through the well walls via elec-
troosmotic flow because the well wall has a high ke. One
desirable feature of the well design is that fluid flow through
the wall occurs only when an electrical current is applied and
fluid flow by non-electrical forces occurs slowly if at all.
Moreover, fluid flows out of or into the wells in a direction
dictated by the placement of the electrodes which promotes
horizontal fluid transport and counteracts the tendency of
fluid to drain in a downward direction. Since the ke of the
wall layer is significantly higher than the sandy soil, the rate
of electroosmotic fluid flow will be driven by the high ke
layer. The well wall design in FIG. 2 may be used for either
an anode or a cathode.

The well design in FIG. 2 may also be used in clay type
soils. Soil with low hydraulic permeability can be highly
permeable to water due to channeling which is caused by
structural heterogeneities in the soil. It is therefore desirable
to use a low hydraulic permeability and high electroosmotic
permeability layer surrounding the anode and/or cathode
wells.

EXAMPLE 1

The following well wall was designed for soils that do not
support electroosmosis. These types of soil include high
hydraulic permeability (high kh) soils i.e., sandy, or the soils
having charge properties that cause it not to support fluid
movement by electroosmotic flow. The electrode 20 shown
in FIG. 3 is a cathode which is housed in a porous structure
24 and a porous structure 26, where the porous structure 24
comprises a material that has a high ke and a low kh, such
as a clay like material. The low ke, high kh material 26 is
perforated PVC pipe with holes or slots which allow easy
penetration of water into or out of the well. The holes need
to be large (high kh), because they provide high throwing
power for current flow (low voltage drop) through the holes.
Consequently, this material has very high kh. In fact, with
such high kh, it is typically not possible to measure the ke
in such materials. In addition, polyethylene filt can be a part
of the high kh material 26, which serves to prevent soil or
sand particles from entering the well through the holes in the
PVC casing.
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The clay particles of the soil are typically negatively
charged. In this example, the electrode 20 is a cathode,
surrounded by a fluid region 28. When current was applied
between the electrode 20 and an opposing electrode (not
shown, but to the left of the page), electroosmotic flow was
generated through the well wall 24 toward the electrode 20.
The unidirectional electroosmotic flow, although occurring
only in the well wall 24, caused fluid to be depleted in the
vicinity of the well on its outside surface 30. Thus, a fluid
flow gradient was created around the well. The soil fluid and
the contents of the soil fluid were then drawn, in part by
passive non-electrical processes, toward the fluid depleted
zones around the electrode well from the outlying region 32.
The soil fluid was then collected in fluid region 28.
Therefore, electroosmotic flow to the well wall created fluid
pressure changes in the soil that drew the fluid in the
direction of the electrode 20. Using this well design, fluid
may be drawn into the fluid region 28 over large distances.
Fluid contained in the well is not lost due to downward
drainage because the high ke and low kh layer 24 in the well
wall.

EXAMPLE 2

Experiments were performed using an open bottom soil
bed, thirty inches long, five inches wide, and fifteen inches
deep. Sandy/silty soil was packed in the soil bed. In test cell
number 1, both anode and cathode wells consisted of high kh
low ke materials. These wells were composed of the PVC
tube perforated by numerous holes having large diameter of
approximately 4 millimeters providing a high hydraulic
permeability. The high hydraulic permeability layer assured
high “throwing power” through the well walls. A large
amount of openings in the well wall allow for lower voltage
and high current to be applied through the coupled porous
structure. The PVC casing was also wrapped in a polyeth-
ylene filter.

In test cell number 2 the cathode wells consisted of two
high kh low ke layers consisting of perforated PVC tube and
a polyethylene filter. The anode well consisted of the same
high kh low ke layers as in test cell #1 but the outer layer was
formed from a high ke low kh layer consisting of a 1 cm
thick layer of kaolinite, an alumina silicate based clay
material.

Tap water was added to the soil bed in both the anode and
cathode wells with no electricity applied to the system.
Water was distributed through the soil bed by diffusion and
capillary forces as well as by gravitation to a point of
saturation. After gravitational flow was established in all the
bottom outlets in the soil bed, an electric field was applied
between the electrode wells. The water level in the anode
well was maintained as needed using a tap water supply tank
with a Mariotte tube inserted for level control. Because
water was being pumped into the cathode, there was no need
to supply water to the cathode.

TABLE 1

Water balance in the electrokinetic cell with an open bottom and with
removal of the electroosmotically transported water from the cathode well.

Water Consumption

Electroosmotic
flow/Total Electroosmotic
Outlet Flow  flow/Gravitational

Total Water
Collected at
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