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MANAGEMENT OF SOIL CONDITIONS AND
ELECTROOSMOTIC FLOW IN
ELECTROKINETIC REMEDIATION

This application claims the benefit of U.S. Provisional
Application No. 60/057,207 filed Aug. 26, 1997.

FIELD OF THE INVENTION

The present invention relates to electroremediation of
porous mediums. Particularly, the present invention relates
to a method for controlling electroosmotic flow of fluids and
contaminants through a porous medium, such as soil.

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, where the pore walls
have at least a slight electrical charge, either positive or
negative. 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 inter-
action 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 the bulk liquid may be transported along with the
thin layer of charged fluid as well as contaminants 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 or independently and
are the dominant mechanisms through which conventional
electrokinetic transport processes occur.

Electroosmosis has been used as a method for dewatering
soils and sludges. Furthermore, electrokinetic metal recov-
ery has been used as a method for mining metals, such as
copper. These processes involved inserting electrodes
enclosed within porous enclosures or wells into the ground.
These enclosures are filled with an electrolyte solution,
typically an acid solution.

Recently electrokinetic transport of materials has been
applied to the electrokinetic remediation of contaminants in
soil. Electrokinetic remediation, frequently referred to as
either electrokinetic soil processing, electrochemical decon-
tamination or electroreclamation, uses electrical currents
applied across at least a pair of electrodes placed in the
ground to extract radionuclides, heavy metals, certain
organic compounds, or mixed inorganic species and organic
wastes from soils and slurries and the like. The contaminants
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.
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Anode Reaction

2H,0—0,+4e™+4H"* Equation (1)

Cathode Reaction

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
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 through soil pores 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 resistiv-
ity. These pH changes can have a significant effect on the
soil zeta potential as well as solubility, ionic state and
charge, and the level or adsorption of the contaminants. It is,
therefore, desirable to control the pH of the fluids in the
vicinity of the electrodes, as well as the pH of the fluid
transported between the electrodes.

The electrical charge on a soil particle is important in the
transport of pore liquid by electroosmosis. Soil particles
typically have an overall negative charge. The origin of the
charge on the soil when in contact with an aqueous solution
results from a number of effects, including chemical and
physical adsorption and lattice imperfections. The saturating
liquid composition and its pH are critical to the soil surface
charge. Several reports have shown that an acid front
moving through the soil in the direction of anode to cathode
may reduce the electroosmotic flow and eventually stop the
process. The electroosmotic flow slows down because the
excess H+ ions neutralize the charge on the soil particles,
thus decreasing ionically driven fluid flow.

It would be beneficial to have a process capable of
monitoring rates of electroosmotic flow and adjusting the
charge on the soil to enhance electroosmotic flow, either on
a continuous or semi-continuous basis or when the charge on
the soil causes the electroosmotic flow to slow down or stop.
In areas with highly porous mediums, such as sand, it would
be desirable to effectively control the flow of fluids there
through and overcome the gravity-induced downward drain-
age of the fluids. Because, 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 could be adjusted to control or
improve electroosmotic flow through a porous medium.

SUMMARY OF THE INVENTION

The present invention relates to methods for modifying
the zeta potential of particles in a porous medium in order to
control the electroosmotic flow through the porous medium.
Several compounds called “zeta potential modifying com-
pounds” (ZPMCs) may be added to the porous medium to
modify the zeta potential.

One embodiment of the present invention provides a
method for controlling electroosmotic flow through a porous
medium. The method includes: applying an electric field
between a plurality of electrodes positioned in a porous
medium; supplying an acid solution to at least one of the
electrodes; and supplying a zeta potential modifying com-
pound to at least one of the electrodes. Organic or metallic
contaminants may be driven through the porous medium by
electroosmosis. The ZPMC preferably changes the charge
on a plurality of particles in the porous medium. The
electroosmotic flow rate through the soil is monitored
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throughout the process, and the acid solution additions and
ZPMC additions are repeated over time.

Preferably, contaminants present in the porous medium
are driven through the porous medium by electromigration
(anionic) and electroosmosis (organic and positively
charged species). The rate of contaminant removal from the
soil can be monitored. Preferably, the zeta potential modi-
fying compound is distributed through the porous medium
by electroosmosis and the concentration of the zeta potential
modifying compound throughout the soil is monitored.
Alternatively, the zeta potential modifying compound can be
added to or near the anode well and be distributed through
the porous medium by electromigration.

Suitable acid solutions include citric acid, acetic acid,
oxalic acid, salicylic acid or mixtures thereof. Suitable zeta
potential modifying compound solution include a negatively
charged compound selected from EDTA, DTPA, NTA, or
mixtures thereof.

Another method for controlling electroosmotic flow
through a porous medium includes applying an electric field
between a plurality of electrodes positioned in a porous
medium having high hydraulic permeability, supplying a
first fluid to the porous medium, distributing the fluid
through the porous medium via electroosmosis, and main-
taining a sufficient electric field between the electrode so that
the first fluid is transported by electroosmosis between the
electrodes.

In another embodiment, a method for controlling elec-
troosmotic flow through a porous medium is provided,
including, applying an electric field between a plurality of
electrodes located in electrode wells positioned in a porous
medium, supplying a first fluid to the porous medium,
distributing the fluid through the porous medium via
electroosmosis, monitoring the voltage drop across the well
walls, and supplying a second fluid to an area around at least
one electrode well for the purpose of decreasing the voltage
drop across the well wall. Preferably, the second fluid
contains a strong electrolyte selected from citric acid, oxalic
acid, acetic acid, sulfuric acid, hydrochloric acid, nitric acid,
basic solutions, or mixtures thereof. Preferably, the at least
one electrode well is a cathode and the second fluid is
supplied to the cathode well. The second solution can be
supplied to the electrode well or directly to the porous
medium.

Another method of the present invention includes, apply-
ing an electric field between a plurality of electrodes located
in electrode wells positioned in a porous medium; supplying
a first fluid to the porous medium; distributing the fluid
through the porous medium by electroosmosis; and supply-
ing a zeta potential modifying compound to an area around
at least one electrode well for the purpose of decreasing the
electroosmotic flow across the well wall. Preferably, the zeta
potential modifying compound is selected from polyvinyl
alcohol, cationic surfactants, polymers, hydrophilic linear
polymers derived from cellulose, anionic surfactants, non-
ionic surfactants, or mixtures thereof.

An additional method of the present invention includes,
applying an electric field between a plurality of electrodes
located in electrode wells positioned in a porous medium;
supplying a first fluid to the porous medium; distributing the
fluid through the porous medium by electroosmosis; and
increasing the zeta potential of the porous medium.
Preferably, the first fluid comprises low ion concentration
water, such as deionized water. Preferably, the first fluid is
supplied to the electrode wells.

Another method of the present invention includes apply-
ing an electric field between a plurality of electrodes located
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in electrode wells positioned in a porous medium; supplying
a first fluid to the porous medium; distributing the fluid
through the porous medium by electroosmosis; and supply-
ing a zeta potential modifying compound to an area around
at least one electrode well for the purpose of decreasing the
zeta potential throughout the porous medium. Preferably, the
zeta potential modifying compound is selected from poly-
vinyl alcohol, cationic surfactants, polymers, hydrophilic
linear polymers derived from cellulose, anionic surfactants,
non-ionic surfactants, or mixtures thereof.

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 an electrode well that
may be used in the present invention;

FIG. 2 is a graph showing lead removal and the elec-
troosmotic flow through a soil bed over time;

FIG. 3 is a graph showing the profile of lead concentration
in the soil during electrokinetic remediation;

FIG. 4 is a schematic drawing of an electrode well and a
soil region;

FIG. 5 is a schematic drawing of a soil bed used the
present invention;

FIG. 6 is a graph of various fluid flow rates over time; and

FIG. 7 is a schematic drawing of an electrode, voltage
probe arrangement.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The present invention provides a method for effecting
electroosmotic flow in porous mediums by changing the
charge on the porous medium. Porous media as referred to
therein includes but is not limited to: sediment, sand, clay,
agglomerates, gels, soil and concrete. The method includes
inserting electrodes located in a porous wall structure into a
porous matrix, such as soil. A current is applied between the
electrodes and the fluid level changes in the wells surround-
ing the electrodes are recorded as a function of time to
determine electroosmotic flow rate between the electrodes.
Chemicals are introduced into the electrode wells or directly
into the soil typically when the rate of electroosmotic flow
is low or decreasing. These chemical additions modify the
electrokinetic properties of the soil (ie. the charge on the
soil) in the region between and around the electrodes. By
modifying the charge on the soil, the rate of electroosmotic
flow can be controlled to benefit the electroremediation
process.

One aspect of the invention enhances electroosmosis by
introducing negatively charged species into the soil pore
fluid through electroosmosis and/or electromigration. The
negatively charged species binds to the soil particles that do
not have a negative charge.

In another aspect of the invention, chemicals are added to
the electrode wells to stop electroosmotic flow. Charged
contaminants are then driven through the soil via electromi-
gration.

Another aspect of the invention relates to a method for
establishing a threshold voltage in a region of soil such that
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any downward drainage of fluid through the soil is overcome
and electroosmosis is the dominant fluid transport process.

In another aspect of the invention, the voltage across a
region of soil is manipulated to provide the most efficient
conditions for electroosmosis to occur. Chemicals are added
to the soil (electrode wells) that increase the voltage distri-
bution through the soil thus, increasing the electroosmotic
flow.

In the following experiments, the soil’s charge is moni-
tored during electroremediation. This is accomplished by
sampling the soil. The point from which the sample is taken
is important. It must be taken between the electrodes but
from an area outlying the electrodes and their porous sur-
rounds. However, numerous measurements are made at
different locations and soil depths. This zeta potential mea-
surement indicates the degree to which the soil between the
electrodes or treatment zone is suitable for sustaining elec-
troosmotic flow.

Zeta potential can be determined from data obtained in
observing soil particle motion under a microscope. Com-
mercial instruments are available for this purpose, these
include “Zeta Reader” (Komline-Sanderson Engineering
Corporation); the “Mobility Meter”; Malvern’s “Zetasizers”
and Zetameters’s “Zeta Meter”. Also the zeta potential for a
soil sample can be assessed by streaming current
measurements, an electric current that is produced when soil
or other colloidal particles are trapped in a capillary tube or
in a confined space with water flowing past them at a high
velocity. The flow of ions that constitutes the electric current
is measurable by an instrument called a streaming current
detector (SCD).

Streaming potential is generated when soil particles in
liquid medium are temporarily immobilized and the bulk
liquid is forced to flow past the particles. This causes a
potential difference to be established before and after the soil
sample which is proportional to changes in the zeta poten-
tial.

The following examples illustrate electrokinetic treatment
of soil in situ. However, the treatments could be equally as
effective if the soil were removed from its normal geological
surroundings, transferred to a container, and then subjected
to electrokinetic remediation.

EXAMPLE 1

The following example shows the combined effect of
monitoring and controlling electroosmotic flow using
chemical additives to enhance contaminant removal from
soil. We electroremediated soil polluted by a mixture of
heavy metals, lead, chromium, copper, nickel and zinc. The
treatment was carried out in an apparatus consisting of a
rectangular Plexiglass test bed (10.5"x5.5"x5", 4.0-5.0 kg
of soil). The electrical regime was a pulsed electric field with
On/Off pulse duration=10s/1s, applied for 49 days. The
controlled pulse voltage amplitude was 100 V.

Electroosmotically transported water to the cathode well
was monitored by measuring the change in fluid volume in
the cathode well. Fluid additions were made to the cathode
wells. The solutions added to the cathodes were either:

Solution 1: citric acid (2% by weight, pH=2.0); or,

Solution 2: EDTA (1% by weight)+citric acid (2% by

weight, pH=3.5).

FIG. 1 is an example of an electrode well structure that
can be used in the present invention. The electrode well 10
has a series of level sensors 12 that can be used to determine
the rate of electroosmotic flow through the soil by monitor-
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ing the rate at which the fluid level in the well increases or
decreases. There are other types of level sensors that could
be used in this type of well, e.g. a continuous strip.

During the electrokinetic remediation process, automated
addition of the solutions 1 and 2 kept the cathode well pH
between about 5 and about 6. The soil pH was monitored
was by periodic core-sampling of the soil bed between the
anode and cathode wells using a core sampling device of a
tubular construction. The core sampler was left in position
so as not to disturb the flow paths in soil.

FIG. 2 is a graph showing variations in the electroosmotic
flow through the soil and the cumulative amount of lead
removed from the soil, a major contaminant in the soil.
During the first 22 days of treatment, the rate of electroos-
motic flow through the soil decreased with time, which
reduced the rate of lead removal from the soil. During this
time, only solution 1 (citric acid) was added to the cathode
well. Solution 1 buffered the well solution and provided
soluble anions, e.g., citrates or complexing agents to the soil
which act to solubilize the metals to be removed. After 22
days solution 2 (EDTA+citric acid) was fed to the cathode
well. Addition of solution 2 to the cathode well significantly
enhanced the electroosmotic flow through the soil and
increased the volume of lead removed as well. Lead removal
was determined as a sum of the lead measured in the effluent
and electrode positioned at the cathode. Arrows indicate
time points where the cathodes were replaced for analysis.
The effect of the fluid additions on the electroosmotic flow
and therefore, contaminant removal, can be immediate or
more typically, the change in electroosmotic flow is over
time, as the soil zeta potential modifying compounds make
their way through the soil.

The electroosmotic flow through a porous medium, such
as soil, is driven by a potential, called the zeta potential,
established between the surface of the soil particles and the
adjacent diffusion layer of pore fluid ions. The higher the
zeta-potential, the higher the electrokinetic (electroosmotic)
driving force. The decreased electroosmotic flow observed
above occurred as a result of a decrease in the zeta-potential
of the soil. Chemicals such as acids are generally used in
electroremediation, and often contribute to the build-up of
H+ ions in the soil. Soil particles typically have a negative
charge. During electrokinetic remediation H+ ions are gen-
erated at the anode and transported through the soil in the
pore fluid. The H+ ions in the pore fluid tend to reduce the
negative surface charge on the soil over time, resulting in a
reduction in the electroosmotic flow.

The addition of solution 2 (EDTA+citric acid solution at
pH=3.5) to the cathode altered the existing charge on soil by
introducing anions into the pore fluid. The negatively
charged EDTA bonded to the soil particles, restoring the
overall negative charge on the soil particles. Once the
negative charge on the soil particles was restored, the
electroosmotic flow was re-established and/or enhanced.
During the electrokinetic treatment, EDTA was detected in
the anode well (using UV spectroscopy), which proved that
the EDTA moved through the soil via electromigration from
the cathode to the anode. The EDTA was then recovered
from the anode solution and recycled. FIG. 2 shows that
repeated alternate additions of citric acid (pH=2.0) and
EDTA+citric acid (pH=3.5) solutions to the cathode assured
a constant and/or enhanced electroosmotic flow rate during
the electroremediation process.

We can control the amount of zeta potential modifying
compounds added to the soil by taking samples (either soil
or well fluid) at various time points in the remediation
process. Example 1, we could periodically sample the fluid
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