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Foreword

I am pleased to write the foreword to the book by Dr. G. V. Chillingar, 
and Dr. M. Haroun. Electrokinetics for Petroleum and Environmental 
Engineers addresses the advances made in the science of electrokinetics 
(EK) as it applies to environmental and petroleum engineering. What was 
once a technology for dewatering clays and soils is now being positioned 
for use in environmental remediation and enhanced oil recovery. This 
 reference book includes chapters by the foremost researchers in the world 
 conducting research in the area. Top academic researchers from USC, 
Lehigh University, the University of Vermont and the Petroleum Institute 
of Abu Dhabi contributed to the book. You will learn about the most recent 
advances for the use of EK to assist in the cleanup of contamination in soil 
and ground water. You will also learn about the application of the EK tech-
nology for extracting oil as an innovative Enhanced Oil Recovery (EOR) 
Process. 

Electrokinetics was introduced to the US by Leo Casagrande, of Harvard 
University, in the 1950s. He had used the technology extensively in Europe, 
for construction site soils stabilization, prior to, and during World War II. 
In the 1950s, Dr. G. V. Chilingar, and his students at USC conducted a series 
of laboratory experiments, which suggested that electrokinetics could be 
utilized to increase flow in permeable formations and for Enhanced Oil 
Recovery (EOR). About the same time, researchers at a General Electric 
(GE) facility were conducting field investigation, which indicated that elec-
trokinetics could be an effective and efficient EOR technology. Later, some 
of these researchers left GE, taking the EK technology with them, founded 
Electro-Petroleum, Inc. (EPI), and have continued to develop an under-
standing of EK field implementation.

Electrokinetics is a simple concept to move fluids through rocks and 
soil under a unidirectional electrical current flow. Current research has 
extended this technology to move contaminants and oil under the same 
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stressors. The application of Electrokinetics commercially, to date, has been 
limited to the soil dewatering and soil stabilization and should be extended 
by those who read this book. Previous field studies have suffered from a 
lack of knowledge relating to issues which are being defined and addressed 
in the chapters in this book. The understanding of the transport of heavy 
metals having different oxidation states and mobility and organic mole-
cules having different adsorbent coefficients are elucidated in the chapters. 
The volume of research from laboratory studies is large and the hundreds 
of research papers published in the scientific literature were reviewed to 
understand the issues surrounding the complexity of EK technology. This 
basic understanding of the variables surrounding the technology field can 
be used to design meaningful field tests.

By reading this book you will learn about the most recent laboratory 
results for the transport of contaminants in soil and ground water, be 
exposed to research in the use of EK for oil recovery in the previously unex-
plored use in carbonate rocks. In Chapter three, Dr. D. G. Hill evaluates the 
use of the EK process in the oilfield showing the potential of the process for 
releasing previously unrecoverable oil resources around the world.

Finally great strides are being made in the transferring of the laboratory 
results into a series of models which can be used to predict the transport 
phenomena in all types of substrates.

The simple and straight forward style of this book will be of useful to the 
academic researcher following EK technology development, the environ-
mental remediation engineer looking for a state of the art technology for 
cleaning up contaminated sites and the petroleum executive looking at the 
next breakthrough in Enhanced Oil Recovery.

J. Kenneth Wittle, Ph.D.
Electro-Petroleum, Inc.

Williamsburg, VA 23185
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1

1 Introduction

Electrokinetics is a term applied to a group of physicochemical  phenomena 
involving the transport of charges, action of charged particles, effects of 
applied electric potential and fluid transport in various porous media to allow 
for a desired migration or flow to be achieved. These phenomena include 
electrokinetics, electroosmosis, ion migration, electrophoresis,  streaming 
potential and electroviscosity. These phenomena are closely related and 
all contribute to the transport and migration of different ionic species and 
chemicals in porous media. The physicochemical and  electrochemical 
properties of a porous medium and the pore fluid, and the magnitudes of 
the applied electrical potential all impact the direction and velocity of the 
fluid flow. Also, an electrical potential is generated upon the forced passage 
of fluid carrying charged particles through a porous medium.

These electrokinetic effects have been recognized for a considerable 
period of time, with the effects of electroosmosis and electroviscosity being 
studied and evaluated by many researchers. 

1
Introduction to Electrokinetics 
By George V. Chilingar, Mohammed Haroun, Hasan Shojaei,  

and Sanghee Shin



2 Electrokinetics for Petroleum and Environmental Engineers

1.1 Factors Influencing Electrokinetic Phenomena 

The theoretical development of electrokinetic phenomena and electro-
chemical transport has been studied historically as far back as 1879 by 
Helmholtz that led to the introduction of the first analytical equation. 
Helmholtz described the motion of the charged ionic solution from the 
anode to the cathode and explained it by the presence of a double layer. 
This double-layer theory is illustrated in figure 1-1, where the negatively 
charged surface of the clay attracts the positive ions of aqueous medium, 
forming the immobile double layer. This immobile double layer is followed 
by a thick mobile layer with a predominance of positively-charged ions 
(cations), with a few diffused negatively-charged ions (anions). 

Later, the analytical solution was further modified by Smoluchowski in 
1921 to arrive at the Helmholtz-Smoluchowski’s equation for electroki-
netic permeability: 

 k
D

F
e = z

p4
 (1.1)

where D is the dielectric constant; z is the zeta potential; and F is the 
formation factor.

Cathode

P
Rock

Anode

I II III

Rock

IV

Figure 1.1 Schematic diagram of electrokinetics double layer (I: Immobile Double Layer, 

II: Mobile Double Layer, III: Free Water, IV: Velocity Profile) as envisioned by Dr. George 

V. Chilingar. Solid curved line – velocity profile in a capillary. P=DC current power 

supply. Rock is negatively charged.
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The proportionality constant, D, has been verified by several investiga-
tors for various types of liquid-solid interfaces. However, extreme sensitiv-
ity and complexity of these phenomena have lead to reports of discrepancies 
in the relative constancy of this term. Probstein and Hicks (1993) have 
shown the effects of concentration of ionic species within the pore fluid, 
electric potential, and pH on the zeta potential (z). Thus, it doesn’t remain 
constant throughout the electrically-induced transport in soils that are 
governed by zeta potential, which is defined below. 

1.2  Zeta Potential and the Electric Double  
Layer Interaction 

As pointed out by Donaldson and Alam (2008), there is a region at the 
surface of solids that has a difference in electrical potential across just a 
few molecular diameters. If a liquid and solid are brought together, an elec-
trical potential develops across a distance of a few molecular diameters at 
the interface. The changes that are established are characteristic of specific 
phases and are the underlying cause of many natural phenomena such as 
electroosmosis, electrophoresis, colloid stability, fluid flow behavior, adsorp-
tion, catalysis, corrosion, and crystal growth (Donaldson and Alam, 2008). 

The separation of charges is known as the interfacial electrical double 
layer. It is a complex association of charges illustrated schematically in 
Fig.  1.2. There is a potential charge (negative or positive) at one or two 
molecular distances from the surface. This charge may originate from 
several sources such as: (1) inclusions of extraneous atoms in the lattice 
structure, (2) dissolution of slightly soluble atoms at the surface of water, 
(3) chemical reaction (chemisorption) of ions in water with surface atoms 
forming complex polar molecules on the surface, or (4) exposure of metal-
lic oxides at the surface which react with water to form surface ions. These 
are some of the major causes of surface charges; others are recognized in 
suspensions of particles and flocculants in water (Hunter, 1981). 

Counterions from the water solution balance the charges at the solid sur-
face and form the immobile Stern layer (Fig. 1.2). The thickness of the Stern 
layer is only one or two molecular diameters consisting of ions that are 
adsorbed strongly enough to form an immobile layer. The outer edge of the 
Stern layer where the ions are mobile is known as the shear plane. There is 
a linear potential drop across the width of the Stern layer (ψ

s
 – ψ

ζ
), followed 

by an exponential potential difference across the diffuse layer between the 
shear plane and the bulk solution (ψ

ζ
 – ψ

∞
). The bulk solution is designated 

as the reference zero potential. The potential difference between the shear 
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plane and the bulk fluid is known as the zeta potential (Donaldson and 
Alam, 2008) (see Fig. 1.3). 

Cations, anions, and molecules with electrical dipoles can be 
adsorbed by nonelectrical forces. Grahame (1947) observed that anions 
are adsorbed by nonelectrical forces with the centers of negative charges 
lying on an inner plane (within the Stern layer) from the surface known 
as the inner Helmholtz plane (IHP at xi distance from the solid sur-
face, Fig. 1.4). The IHP is followed by the outer Helmholtz plane (OHP) 
drawn through the charges of the hydrated counterions. 

The thickness of the Helmholtz layers thus reflects the size of the 
adsorbed anions and counterions within the Stern layer and is observed by 
the differences of the measured linear potential differences within the Stern 
layer. An excellent discussion on the subject was presented by Donaldson 
and Alam (2008). 

The length of the exponential electrical field decay (from the shear plane 
to the bulk fluid) is known as the Debye length (1/κ). For example, if the 
plates of a capacitor have equal charge densities, the zeta potential is the 
potential difference from the center of the separation to one of the plates 
(Donaldson and Alam, 2008): 

 
1

2 2

1

2 2 2

k
ee y

s
ee
r

= =
⎛
⎝⎜

⎞
⎠⎟

=
⎡

⎣
⎢

⎤

⎦
⎥

o s

c

o B

i

k T

z e

C

Jm

J

C

m

C
m  (1.2)

SOLID LIQUID

= potential at the solid surface

= zeta potential, potential at the shear plane

= potential in the bulk liquid (=0)

ψS ψS

ψζ

ψζ

ψ∞

x∞xςxs

Figure 1.2 Electric double layer at the interface between a solid and liquid: x
s
 = surface of 

the solid, x
ζ
 = shear plane, x

∞
 = bulk liquid, x

ζ
 – x

s
 = stern layer, x

∞
 – x

ζ
 = electrical diffuse 

(Gouy) layer (Debye length, 1/ κ) (after Donaldson and Alam, 2008). 
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Electrical double

layer

Slipping plane

Particle with negative

surface charge

Diffuse layerStern layer

–100

0

mV

Distance from particle surface

Suface potential

Stern potential

Zeta potential

Figure 1.3 Schematic representation of zeta potential (ζ) (after Zetasizer Nano series 

technical note, Malvern Instruments). 

Figure 1.4 Double layer potentials showing the Helmholtz planes and their potentials. 

IHP = inner Helmholtz plane (x
i
). OHP = outer Helmholtz plane (x =σ) (after Donaldson 

and Alam, 2008). 

ψS

Solid

Surface

IHP
OHP

Stern Layer Shear Plane

ψs

ψi

ψG

ψs

ψ∞

δ

ζ

xs xi

x

xsp xG
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where ε is the dielectric constant (relative permittivity, dimensionless); 
ε

o
 is the permittivity of free space [8.854×10-12 C2/J.m=C2/N.m2]; k

B
 is the 

Boltzmann constant (1.3806488×10−23 J/K); T is the absolute temperature; 
ρ

i
 is the number density of ions in the solution; z is the valency; e is the elec-

tron charge (1.602 × 10-19 C); 1/κ is the Debye length; and C is the electrical 
charge (Coulomb: ampere second). Eq. 1.2 also shows that the charge den-
sity of the surface (σ

c
) is proportional to the surface potential (ψ

s
). 

With respect to an ionic solution, the Debye length is the distance 
from the shear plane of the Stern layer to the bulk fluid. The Debye length 
depends on the specific properties of the ionic solution. For aqueous solu-
tions (Donaldson and Alam, 2008): 

 1

k
= B

M
 (1.3)

where B is a constant specific to the type of electrolyte. B is equal to 
0.304 for monovalent cations and anions (NaCl); 0.176 where either the 
cation or the anion has a valency of two (CaCl

2
 or Na

2
CO

3
); and 0.152 

when both ions have a valency equal to two (CaCO
3
). M is the molarity of 

the pore solution (see Donaldson and Alam, 2008).
The composition of the Stern layer varies with respect to the nature 

of the surface charge and ionic constituents of the electrolyte (Castellan, 
1971): 

1. The double layer may be entirely diffuse (no Stern layer) if 
ions are not adsorbed on the solid surface (Fig. 1.5). In this 
case the Stern layer does not exist and the potential differ-
ence declines exponentially from the solid surface to the 
bulk solution. 

2. If the concentration of ions in the electrolyte is sufficient to 
exactly balance the surface charges of the solid, the poten-
tial will decrease linearly within the Stern layer to zero at 
the shear plane. Thus, the zeta potential is zero (equal to the 
potential of the bulk fluid). 

3. If the adsorption of ions does not completely balance the 
surface charge density, the zeta potential has a finite value 
with respect to the bulk fluid. 

4. If the surface charge is very strong, the Stern layer may con-
tain an excess of ions from the electrolyte. Thus, the zeta 
potential will have a charge opposite to the surface charge.
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In aqueous solutions, the zeta potential of mineral surfaces is a function of 
pH. Usually, acidic solutions promote positive charges at the surface result-
ing in a positive zeta potential, whereas basic solutions produce an excess 
of negative charges at the surface because of increase in the hydroxyl ion 
concentration. The pH at which the zeta potential is equal to zero is defined 
as the zero point charge (zpc). When the negative and positive charges of 
ions in a solution are equally balanced, the solution is electrically neutral 
and this condition is defined as the isoelectric point (iep) (Donaldson and 
Alam, 2008). Thomson and Pownall (1989) observed an approximate linear 
trend of the zeta potential with respect to pH for calcite in dilute solutions 
of sodium chloride and a mixed solution of sodium chloride and sodium 
bicarbonate, where ζ = -6.67*pH + 40. The zero point charge occurred at 
pH > 6. Sharma et al. (1987) reported an inverted S-shaped trends where 
ζ = -20*pH + 100 (zpc at pH ≈ 5) for Berea Sandstone cores and dilute 
sodium chloride solutions (see Donaldson and Alam, 2008).  

As the electrolyte passes through a porous material (rock, glass, capillar-
ies, etc.), a potential difference develops which is usually called the stream-
ing potential. The expression for the streaming potential can be written in 
terms of the zeta potential and the combined resistivities of the electrolyte 
and solid (Kruyt, 1952): 

 
d

dx

R C

Nm
V

Pa s

Vsm

C

V

Pa

y ez
pm

⎛
⎝⎜

⎞
⎠⎟

=
⎛
⎝⎜

⎞
⎠⎟

( )⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

=
⎡

0
2

24

1

.⎣⎣
⎢

⎤

⎦
⎥  (1.4)

where x is the distance; R
0
 is the combined resistivities of the electrolyte 

and solid; and μ is the viscosity.

ψs ρs ρsρ∞ ψs

ψ∞

d

h=

(+) (–)

d
2 h=h=0 d

2

Figure 1.5 Two charged surfaces separated by distance d with a fluid in between. The film 

thickness on each surface is h = d/2. The number density of the counter ions at the surface 

is ρ
s
 and the center is designated ρ

∞
, which is taken as zero at the reference point in the 

center. The electric field, which is independent of distance is equal to the electric charge 

density, D, divided by the electric permittivity, E
s
 = D/εε

o
 (after Donaldson and Alam, 

2008).
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If the total flow rate of water, q, in a porous medium consists of (1) the 
flow rate where there is no electrical potential effect, q

n
, and (2) an osmotic, 

countercurrent flow, q
os

, then: 

 q q q
k dp

dx
k

d

dx
n os

n
os= − = − ⎛

⎝⎜
⎞
⎠⎟m

y,  (1.5)

where k
n
 is the permeability in the absence of electrical phenomena; p 

is the pressure; k’
os

 is the transport coefficient resulting from the streaming 
potential, ψ; and μ is the viscosity. 

The coefficient, k’
os

 is obtained from the Helmholtz equation for the 
velocity of electroosmotic flow in a tortuous capillary (Adamson, 1960; 
Scheidegger, 1974): 

 U
e d

dx
os = fz

pmt
y

4 2
 (1.6)

where ϕ is the porosity and τ is the tortuosity. 
Combining Eqs. 1.4 and 1.6 into Eq. 1.5 yields the fluid flow equation 

that includes the effect of electroosmotic flow (Donaldson and Alam, 
2008): 

 q
k e R dP

dx

k k dp

dx
n n os= −

( )
⎛

⎝
⎜

⎞

⎠
⎟ = −

⎛
⎝⎜

⎞
⎠⎟m

fz
p mt m m

2 2

0

2 24
 (1.7)

1.3 Coehn’s Rule 

A general rule for the potential difference of the double layer was given by 
Coehn in 1909 as follows: 

Substances of higher dielectric constants are positively charged in 
contact with substances of lower dielectric constants. The corresponding 
potential difference is proportional to the difference of the dielectric con-
stants of the touching substances. 

Later, researchers (Smoluchowski, 1921; and Adamson et al., 1963) 
investigated this qualitative rule. 

They found that this rule does not apply to pure organic liquids with low 
dielectric constants, such as benzene and carbon tetrachloride. However, 
Coehn’s rule is still used to indicate the sign of the zeta potential and, 
hence, the direction of movement of phases past each other. 
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The qualitative rule presented by Coehn, seems to represent a very spe-
cial case where ionic liquid content is very small even when compared to 
dilute aqueous solutions. The electrochemical behavior of the solid-liquid 
interface greatly influences these electrokinetic phenomena. In the case 
of relatively inert surfaces, such as quartz, the electrical charge density 
depends primarily on the adsorbed electrolytes. 

Many researchers, showed a linear logarithmic relationship between 
zeta potential and concentration (c) (Adamson et al., 1963): 

 z = −A B clog  (1.8)

The zeta potential, ξ, goes through a maximum and then approaches 
zero, which is explained by a combination of two processes: (1) adsorption 
process of ions on the surface and (2) followed by a neutralization process 
of the charged surface with opposite sign (Kruyt, 1952). 

Rutger et al. (1945) showed the effects of the H+ and OH- ions on zeta 
potential at low concentrations. A small addition of the OH- increased the 
negative zeta potential. In the case of larger concentrations, all electrolytes 
decreased the zeta potential, especially pronounced in the case of polyva-
lent ions, whereas the addition of H+ ions decreased the zeta potential. 

Although electrolytes can strongly influence the zeta potential, they 
have no effect on the total potential drop (Adamson et al., 1963.) The addi-
tion of multivalent ions may cause the reversal of the zeta potential sign. 
This can be explained by the adsorbability for these ions in a layer bearing 
a larger charge than is present on the wall. This will cause a reversal of the 
charge and potential in the outer part of the double layer (Kruyt, 1952), in 
order to maintain the electro-neutrality of the system. 

The theory of the diffuse double layer leads to the conclusion that the con-
centration of the electrolyte varies inversely with the effective thickness of 
the diffuse part of the double layer, (and zeta potential.) The larger the ionic 
charges, the fewer the ions needed for charge compensation, whereas the 
larger the ionic charges, the larger the electric forces between the diffuse layer 
and the inner fixed layer. The fewer ions that are needed for charge compen-
sation, the larger the valences of the adsorbed ions (Adamson et al., 1963). 

1.4 Combined Flow Rate Equation 

In some of the experiments performed by researchers at USC (Chilingar 
et al., 1970), an electric potential was applied across a core where oil was 
already flowing hydrodynamically. When the imposed electrical potential 
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gradient and pressure drop were in the same direction, the oil flow rate was 
increased. 

If the direction of the hydraulic pressure gradient coincides with the 
direction of DC electric field current, i.e., Darcy’s flow and the electro-
kinetic transport occur in the same direction, a one-dimensional math-
ematical model can be used to show the main mechanisms of the species’ 
transport. In this case, redistribution of the species concentration in space 
can be described as a result of the combined influence of three mecha-
nisms: Darcy flow, electrokinetics and diffusion. The first two relate to the 
contaminants’ solution flow with respect to the solid soil matrix, whereas 
the last redistributes the species inside the flowing fluids (Chilingar et al., 
1997). 

For the purpose of simplified analysis, it is reasonable to consider a 
one-dimensional fluid flow in the direction from anode to cathode. The 
total fluid flow rate can be obtained by adding the electroosmotic relation 
to the Darcy equation (Chilingar et al., 1968): 

 q Ak p L Ak E Lt e= Δ ( )+ ( )/ /m m  (1.9)

where A is the cross-sectional area; k is the Darcy permeability; L is 
the length of the core; k

e
 is the electrokinetic permeability and E is the 

imposed electrical potential gradient. This equation can be presented in a 
dimensionless form by normalizing the flow rates and, thus, eliminating 
the viscosity, area and length terms: 

 q q k E k pt i e/ /= + Δ1  (1.10)

and 

 q q q k E k pt i i e−( ) = Δ/ /  (1.11)

where q
i
 is the initial hydrodynamic stabilized flow rate. 

Equation (1.10) shows that an increase in flow rate is dependent upon 
the zeta potential, dielectric constant, brine concentration, Darcy perme-
ability, and pressure drop. If the dependence of k

e
 on k is not considered, 

then Eq. (1.11) would suggest that as the hydrodynamic permeability 
decreases, the percent increase in flow rate caused by electrical potential 
would become more significant. This means the electrokinetic technique 
is especially effective in cases when hydraulic permeability k is very small, 
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which is valid, for example, for clays or clayey sands. Electrokinetic flow 
rate increases with increasing clay content in sands. For sands it is possible 
to raise the hydrodynamic component of the total flow by injection of spe-
cial purging solutions (Shapiro and Probstein, 1993). 

Calculated k
e
/k can be used as an index for predicting the probability of 

success and applicability of Electrically Enhanced Oil Recovery (EEOR). 
The larger the ratio, the better the chance of success in dewatering sand 
and increasing the relative permeability to oil. In very tight formations, k

e
 

may exceed k causing an increase in the degree of electric dewatering at 
the wellbore. 

Electrical field application in situ, as a rule, leads to an increase in 
temperature. In turn, the temperature increase reduces the viscosity of 
hydrocarbon-containing fluids that, according to Eq. 1.9, would result in 
an increase of the total flow rate (Chilingar et al., 1968). Analyzing the 
results of “in situ” trials and verifying corresponding mathematical mod-
els, one should keep in mind this additional positive side effect to avoid 
possible misinterpretations of electrokinetic efficiency. This effect is insig-
nificant for the dissolved gaseous hydrocarbons (like butane and meth-
ane). For crude oils (e.g., California crude oils), however, the viscosity can 
be reduced more than twenty times by heating from 50 to 100 oC (Ungerer 
et al., 1990). This (at least in theory) would increase the total fluids flow 
twenty times. 

Discussing an electrical field application for the acceleration of fluids 
transport in situ, one needs to consider also electrical properties of soils 
(electrical resistivity, for example) and ionization rate of the flowing fluids 
that can considerably affect the total flow rate. In addition, Chilingar and 
his associates (Chilingar et al., 1970) discovered that application of DC 
field to some soils leads to an increase of their hydraulic permeability that, 
in turn, can considerably accelerate the fluids transport. In addition, some 
clays are destroyed (become amorphous) upon application of direct elec-
tric current, possibly as a result of driving the interlayer water out (do not 
swell any longer). 

1.5 Dewatering of Soils 

Electrokinetics has long been applied in soil engineering. Several patents 
on the removal of water from clayey and silty soils by electrokinetic were 
issued in Germany before World War II. Later, the method was widely 
and successfully used in Germany, England, the U.S.S.R., and Canada 
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in drying waterlogged soils for heavy construction. The development of 
these practical applications has been largely due to the work of Casagrande 
(1937-1960) who has carried out continuous research on their feasibility in 
relation to various soil characteristics. 

Literature on civil engineering, soil mechanics, and highway research 
has reported investigations made by Winterkorn (1947-1958), Casagrande 
(1937-1960), and others on the nature and scope of the electrical treatment 
of soils. 

Some examples of electrokinetics treatment in civil engineering are 
described here for the purpose of illustration. 

Railway cut, Salzgitter, Germany (Casagrande, 1947): Difficulties that 
arose during the construction of a double-track railway cutting, in a 
loose-loam deposit due to the flow of soft soil, were overcome by a large-
scale drying operation using electrokinetics. In sections of 100 m, well 
 electrodes 7.5 m deep and 10 m apart were used. Before the applica-
tion of electrical potential, the average rate of flow of water was 0.4 m3/
day/20 wells. An electrical potential, with an average tension of 180 volts 
and average current of 19 amps/well, was applied. During an eight-week 
period, the flow continued at an almost constant rate of 60 m3/day/20 
wells, i.e., at 150 times the flow rate before the application of electrical 
potential. 

U-boat pen, Trondheim, Norway: Several attempts to make an excavation 
about 14-meters deep in a very thick stratum of clayey silt interspersed by 
seams of sand in the proximity of the sea were doomed to failure because 
of the very active uplift phenomenon. The application of electrokinetics to 
cause water to flow away from the excavation site was tried next. The salt 
deposits, which increased the electrical conductivity of the soil, required 
high consumption of current. 

Before the application of electrical potential, the flow rate varied from 
1  o 50 liters per hour per well. A current of 26 amps at 40 volts tension was 
used. The application of current increased the flow rate up to 11-479 liters 
per hour per well. The average power consumption was estimated to be 0.4 
KW-hr per cubic meter of soil excavated. 

Lime sludge deposits: Some tests were made by Casagrande on dewatering 
lime-sludge deposits (Wulprath, Germany) having a uniform water content 
of 120 % of dry weight. The application of electrical potential with 70-volt 
tension and a current of 50 amps for 14 days obtained a 25 % decrease in 
moisture content. The reduction lines of water content indicated that the 
electrokinetics dewatering process took place uniformly along the lines of 
equal potential strength.
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1.6  Use of Electrokinetics for Stabilization of  
Week Grounds

Casagrande (1930) found that a permanent stabilization of soil could be 
obtained by using aluminum electrodes. These aluminum electrodes were 
found to be greatly corroded and aluminum compound deposits were noticed 
around the electrodes. Encouraged by the model tests, Casagrande (1937) 
undertook a full scale experiment and came to the conclusion that electro-
chemical treatment could be used for increasing the bearing capacity of piles.

Casagrande (1960) attributed the increase in the bearing capacity of 
piles after electrochemical treatment to the following:

1. Water was transported from one electrode to another, caus-
ing a change in the water saturation.

2. The loosely attached low valence ions to the clay-plate surface 
were displaced with higher valence ions by base exchange, 
such as the replacement of Na ions by Al ions.

3. Metal derivatives were deposited around the anode and 
CaCO

3
 around the cathode, acting as cementing agents 

between soil particles.

Probably, the best example of the use of electrokinetics to increase the 
bearing capacity of piles was in a bridge foundation over the Big Pic River, 
near Marathon, Ontario, Canada (Casagrande et al., 1950). The ultimate 
bearing capacity of piles driven 110 ft into the ground was constant over a 
one-year period at 30 tons. The piles were about 23 ft apart. A potential of 
100-volt tension was used to give an average current of 15 amps per pile. 
The bearing capacity of the piles increased from 30 to 100 tons after this 
treatment was maintained for four weeks.

Russian scientists have made significant contributions to the investi-
gation of the electrochemical stabilization of soil and the induration of 
weak rocks, through the continued addition of different electrolytes at 
the anodes and by the use of electrodes of various materials. Tolstopiatov 
(1940), Zhinkin (1952-1959), Rebinder (1957), Titkov et al. (1961) and 
others seem to agree that upon electrochemical treatment, soil and weak 
rocks underwent major physicochemical changes. All investigation indi-
cated that these physicochemical changes led to the formation of a new 
soil structure (coagulation-crystallization structure). Zhinkin (1958) fur-
ther indicated that these changes were irreversible, and that more strength 
was obtained progressively by the newly-formed clay structure even after 
the discontinuation of electrochemical treatment.
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Titkov et al. (1961) have introduced the idea of indurating weak rocks 
in the wall of the borehole by electrochemical treatment. This is carried 
out by the continued introduction of special electrolytic solution at the 
anode during the electrical treatment. They have thoroughly investigated 
the electrochemical treatment of different types of geological formations 
using various combinations of electrolyte solutions. The investigation was 
performed on a variety of formation samples in the laboratory, as well as 
on specially selected field sites. In addition, they tested the use of different 
electrode material, such as aluminum, iron, and carbon.

Electrochemical induration of weak rocks is dependent on the formation 
of a new and stronger authigenic cementing material. The formation of new 
minerals (gibbsite, allophane, aluminite, limonite, hisingerite, calcite and 
gypsum) were reported (Titkov et al. 1961) to have occurred during elec-
trochemical treatment. Cylindrical movable electrodes with variable diam-
eters were designed by Titkov et al. (1961) in order to test this treatment in 
the wall of drillholes. With stationary or circulating fluid, it was possible 
to obtain favorable results in indurating the walls of drillholes for different 
lengths of time at varying depths from 10 to 116 m. The circulating fluid was 
varied from pure electrolytic solution to a chemically treated clay-cement 
mixture. On the basis of tests carried out 13 months later, on the electro-
chemically indurated drillholes, Titkov et al. (1961) concluded that: 

1. The suitability of the electrochemical treatment of weak 
rocks is quite promising not only at the time of drilling, but 
also during well exploitation.

2. The walls of a drill-hole may be indurated electrochemically 
either by the creation of a crust of hardened mixture consist-
ing of clay or loam and binding materials such as cement; 
or by increasing the stability of clay rocks by transforming 
them through the electrical action.

3. Reversing the electrodes’ polarity during electrochemical 
treatment will speed up the cementing process.

4. The electrochemical induration of weak rocks is certainly an 
irreversible process.

1.7 Bioelectroremediation 

There is a wide variety of mechanical, physical, chemical, and bioremedia-
tion cleaning methods that are applied in contemporary practice for the 
restoration of contaminated sites. It is even difficult to name all of them 
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and give their characteristics. A good classification of the bioremediation 
methods with general recommendations of their applications was pre-
sented by Pollard et al. (1994). 

For any particular contaminated site, one should select the most appro-
priate cleanup technology (or the most appropriate combination of differ-
ent technologies). The choice of a technology (or technologies) depends 
on many factors, e.g., the site size, type of predominant contamination, 
the site’s future use, and available resources (time and money). Examples 
of such an approach to the selection of cleanup strategy were presented by 
Blacker and Goodman (1994) and Fairless (1990). They developed some 
reasonable selection methodology of cleaning technologies, based on the 
principles of system analysis from the final goal, through the quantitative 
characterization of the problem, to the choice of preferable alternatives. 

W. Loo and his associates presented many good examples of the suc-
cessful application of combined technologies. Loo (1994) used a combined 
system, including primarily passive cometabolic biotreatment and electro-
kinetic transport of amendments and contaminants in solution for deg-
radation of gasoline and diesel in the soil and groundwater. In one case, 
spills of gasoline and diesel from an underground storage tank caused soil 
and groundwater contamination in the clayey Bay Mud, City of Hayward, 
California. The soil contamination extended to a depth of about 10 ft with 
a total petroleum hydrocarbons (TPH) concentration of 100 to 3,900 ppm. 
The gasoline and diesel in the soil were degraded to less than 100 ppm of 
TPH, and to less than 10 ppm in groundwater. The remediation process 
was completed in four weeks. 

A combination of biodegradation and electrokinetic transport with a 
hot air venting system and ultraviolet light biocontrol system was used by 
Loo et al. (1994) for the degradation of gasoline in the clayey soil. The gaso-
line soil plume covered an area of about 2,400 sq ft, to a depth of about 30 
ft. The upper 15 ft. of sediment was composed of highly-conductive marine 
clay, whereas the lower 15 ft. consisted of well-cemented conglomeratic 
sandstone. The gasoline concentration ranged from 100 to 2,200 ppm. The 
process of remediation was completed after about 90 days of treatment. 
The concentration of gasoline in the soil after treatment was far below the 
proposed cleanup level of 100 ppm. The cost of treatment was about $50 
(US 1997) per ton of soil for this advanced soil treatment process, which 
provided a cost effective remediation with minimum disruption to busi-
ness operations at the site (Chilingar et al., 1997). 

A closed recovery system for soil and groundwater for a site contami-
nated with gasoline in Greenville, North Carolina, was developed by 
Burnett and Loo (1994). The dissolved contaminant plume covered an area 
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of 18,000 sq. ft. and penetrated to the depth of about 15 ft. The total volume 
of spill was estimated at 300,000 gallons. The initial concentration of gaso-
line in the plume averaged about 40 mg/l of total BTEX (Benzene, Toluene, 
Ethylbenzene, and Xylenes). 

A special enhanced bioremediation system was designed to clean this 
site. The system consisted of two groundwater recovery wells, a treatment 
unit and an infiltration gallery. The treatment unit consisted of transfer 
pumps, pressure filters, granulated activated carbon filters, air spray-
ers, holding tanks, chemical feed system, water heater and monitoring 
means. The bioenhancement process included heating, addition of nutri-
ent amendments (monoammonium phosphate and trisodium phosphate), 
and oxygen addition (dilute hydrogen peroxide). In six months of opera-
tions, BTEX in the plume had been reduced to a level less than 6.5 mg/l 
with the passage of 11 pore volumes of displacement.

1.8 Electrical Enhanced Oil Recovery (EEOR) 

In 1952, Tchilingarian (Chilingar) suggested the possibility of using direct 
electric current for the separation of fine sediments into grades on the basis 
of different cataphoretic velocity exhibited by clay particles of different 
size. This was achieved on treatment of clays with NaOH, because OH- ions 
impart greater negative change to clays and, consequently, greater veloc-
ity towards the positive electrode. He started this research because he was 
questioning the statement in textbooks that “cataphoretic velocity is inde-
pendent of size and shape of colloids”. Also, knowing the success in dewa-
tering of clays by soil engineers, he started research on EEOR together with 
his students at the Petroleum Engineering Laboratories of the University of 
Southern California (e.g., Anbah, 1963). 

Chilingar and his students (Ace, 1955; Anbah et al., 1964, 1965; Chilingar 
et al., 1968a,b, 1970,1997) conducted numerous laboratory tests involving 
electrokinetics since the 1950s, which indicated that this low-power drain 
mechanism could be used for EOR. Tikhomolova (1993) described similar 
studies conducted at the University of St. Petersburg, also suggesting elec-
trokinetics as a potential EOR technology. Hill (1997) conducted bench-
scale studies, which suggested that hydrocarbons could be transported 
via electrokinetic mechanisms. Pamukcu et al. (1993) and her students at 
Lehigh University, demonstrated electrokinetic transport of hydrocarbons 
(PAH), in clay-rich soils, as a method of remediating manufactured gas 
plant site contamination.
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Upon application of DC current, the mobile Gouy layer migrates 
toward  the (negative) cathode. This motion of the water molecules and 
cations within the Gouy layer drags the water molecules, cations, and 
anions, in the free fluid, as well as any non-wetting fluid, along with it (Hill, 
1997). 

Extensive experimental work, conducted at the University of Southern 
California (Anbah et al., 1964, 1965; Chilingar et al., 1968a,b, 1970, 1997) 
showed up to six-fold volumetric fluid flow increases in cores containing 
clay minerals, compared to only 2-fold increases in pure silica cores (see 
figure 3-15). Chilingar et al. (1970) speculated that in pure silica core, fluid 
flow might be, at least partly, due to a thermal effect. Mitchell (1993) main-
tained that all silicate minerals show this increased flow effect, to some 
extent. Those with high cation exchange capacity (CEC) exhibit the great-
est flow increases. 

EEOR is an emerging technology that could significantly improve oil 
recovery, at costs below other secondary and tertiary oil recovery tech-
nologies, in environments where other technologies either do not work 
or are not attractive. EEOR has a nonexistent water demand, a smaller 
carbon footprint than traditional EOR technologies, such as steam injec-
tion, and does not involve injection of hazardous liquids, as is the case for 
caustic and/or co-solvent flood. EEOR requires minimal surface facilities. 
No steam generators, compressors, surface working fluid pumps, and/or 
hazardous material storage tanks are required. 

EEOR involves passing direct current (DC) electricity between cath-
odes (negative electrodes) in the producing reservoir and anodes (posi-
tive electrodes) either at the surface and/or at depth. Anbah et al. (1965) 
suggested a few electrode arrangements for waterflooding operations (see 
Chapter 3). Fig. 1.6 shows the originally proposed EEOR field installation 
(Fig. 1.6). 

The use of DC electrical power as an EEOR process was patented by 
General Electric (GE) (Bell and Titus, 1973, 1974) after it had originally 
been proposed by Prof. George V. Chilingar in 1950. It is currently being 
developed by Electro Petroleum, Inc. (EPI) of Wayne, Pennsylvania, USA 
(Bell et al., 1985; Titus et al., 1985; Wittle and Bell, 2005a, 2005b). These 
two organizations, collectively, spent several years and millions of US dol-
lars in R&D to overcome encountered field operational difficulties. Their 
combined efforts resulted in successful EEOR demonstrations in California 
and Alberta heavy oil fields (Wittle et al., 2008 and 2011). Application of 
EEOR would return about 25 dollars (2012) per each dollar invested, con-
sidering the initial installation cost and that of electricity. 
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1.9 Improving Acidizing of Carbonates 

The stimulation of carbonate reservoirs is mainly achieved by acidizing 
treatments (Hendrickson, 1972; Chilingarian et a1., 1992). Acids may be 
injected into pores and pre-existing fractures or at hydraulic fracturing 
rates depending upon the results desired. The acid dissolves the carbon-
ates (limestones/dolomites), enlarging the pores and increasing the width 
of pre-existing fractures. This gives rise to an increase in permeability. The 
principal acid commonly used is hydrochloric (HCl), which is pumped 
through tubing.

In the case of the uniform penetration of acid, the reaction rate declines 
uniformly with decreasing acid concentration. The weight of carbon-
ate dissolved per increment of distance penetrated declines uniformly 
until the acid is completely spent. With stronger acid, the spending time 
decreases. 

In the case of matrix acidizing, with enlargement of pores or pre-
existing fractures,  (1) the specific surface area decreases, (2) the velocity 
decreases, (3) spending time increases, and (4) the penetration distance 
increases. 

The main problem in acidizing is the fact that the radial distance the 
acid will penetrate until being spent is short, especially in tight carbonates. 
When assuming a homogeneous formation and that the volume of acid 

OIL WELL

GROUND ELECTRODES (±)

WELL ELECTRODE (±)

PRODUCING

ZONE

CURRENT FLOW LINES

Figure 1.6 Proposed EEOR field installation by Anbah et al. (1965).
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injected is equal to the pore volume invaded [q t h r ri a w= −( )pf 2 2 ], the radial 
distance the acid will penetrate until being spent, r

a
 (ft), is equal to: 

 r
q t

h
ra

i
w= +

0 0936 2.

pf
 (1.12)

where q
i
 is the acid injection rate (bbl/min); t is the spending time (sec); 

ϕ is the fractional porosity; h is the formation thickness (ft); and r
w
 is the 

wellbore radius (ft). 
As shown in Eq. (1.12), in order to increase r

a
, either t or q

i
 should be 

increased. The injection rate q
i
, can be increased considerably by the appli-

cation of DC current (see Chilingar et al., 1968, 1970, for example). The 
application of electrokinetics in Abu Dhabi carbonate reservoir rocks has 
been proven to be very promising by Haroun et al. (2009). 

As shown in Fig. 1.7, using electrokinetics, it is necessary to deploy an 
anode in the well adjacent to the formation being acidized, and a nearby 
cathode either at the surface or in the adjoining well. The electrokinetic 
flow will occur from the anode towards the cathode, and thereby acidizing 
the target formation, enabling the acid to move faster and deeper into the 
formation in a guided fashion (see Wittle et al., 2008). The two electrodes 
(anode and cathode) must be connected by cables to the Direct Current 

Figure 1-7 Electrodes arrangement for acidizing operation (after Chilingar et al., 2013).
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power supply located on the surface. The acid must be injected with corro-
sion inhibitors into the formation; however, the aluminum anode will also 
serve as a sacrificial anode.

By applying DC current during acidizing operations, the volumetric 
rate of flow increases, which, in turn, increases the penetration distance 
of the acid before it is being spent. Without application of DC current, the 
penetration distance is usually very short, especially in tight rocks.

1.10 Economic Feasibility

Many assumptions should be made in order to make a rough calculation 
of economic feasibility of using DC current. The variables which will affect 
the economic evaluation include: (1) thickness, depth, and resistivity of 
the pay zone, (2) arrangement of the electrodes, (3) duration of the elec-
trical treatment, (4) labor cost, and (5) price of electricity at the site of 
application. 

In general, the rock resistivity is a function of the amount of interstitial 
water present, which is determined by the porosity and its type. The flow 
of electrical current in such a case is not a simple linear flow but follows 
an irregular path around the individual sand grains. This flow pattern 
will increase the length of the current flow lines. Inasmuch as the cur-
rent is mainly transmitted through the rock in the form of electrolytic 
conduction, the resistivity of the interstitial formation water seems to be 
the deciding factor in the formation resistivity as a whole. The presence 
and types of clays, however, greatly affect the electrical resistivity of the 
formation, especially in the case of fresh formation water (Anbah et al., 
1965). 

Although the electrokinetics depend mainly on the imposed electri-
cal potential gradient, the associated electrical current is conditioned by 
the type of formation under consideration and its electrolyte content. 
There is no simple relation between the amount of liquid transported by 
electrokinetics and the quantity of electricity consumed. The presence of 
expandable colloidal matter in the porous media further complicates the 
picture. 

In field application, the energy consumption will depend on the dimen-
sions of the electrodes, the applied electrical potential, and the lithology. If 
these factors are known, the amount of transmitted electrical current can 
be estimated. Upon switching the current on, it will drop gradually because 
the overall resistance will increase. 
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The total amount of current transmitted (I) for various electrode arrange-
ment can be estimated (Rudenberg, 1945; Casagrande, 1949) by using equa-
tions such as those presented below: 

a. For two cylindrical electrodes of equal length and cross-sec-
tional area, the required electrical current is equal to: 

 I
LE

d
r

= 2p

r ln

 (1.13)

where ρ is the formation resistivity in ohm-meters; L and r are 
the length and radius of the electrode in meters, E is the imposed 
electrical potential in volts; and d is the distance between the 
anode and the cathode in meters. 

b. For two cylindrical electrodes with different radii: 
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c. For a row of alternate anodes and cathodes, the amount of 
electrical current can be given approximately by: 
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where N is the number of electrodes in each group. 
Before one can proceed with estimating the consumption of power, 

some assumptions have to be made. The following estimation of the benefit 
of current application is very difficult because of the decrease in the cur-
rent flow as a result of increasing overall resistance. On assuming that (1) 
the electrical current is available at the electrode; (2) the formation resis-
tivity is constant and is equal to 10 ohm-meters; (3) the electrode length 
and radius are equal to three and 0.1 meters, respectively; (4) the applied 
potential is equal to 100 volts, and (5) the distance between electrodes is 
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equal to 40 meters (Anbah et al., 1965) and substituting the above values 
in Eq. 1.13: 

 
I = =2 3 14 3 100
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0 1
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Thus, the power consumption is equal to:

 
31 4
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The approximate cost of electricity (at $0.059/KW-h) = 3.14 x 24 x 0.059 
= $ 4.45 per day per well. If the labor cost is assumed to be $50 per day 
per well (Gillette, 2006), then the total cost becomes $54.45 per well per 
day. It is assumed that the equipment needed (electronic power supply, 
electrodes, power cables, etc.) will cost approximately $55,000 per well. If 
the estimated life of the equipment is five years and its salvage value is 
11,000, then by using straight-line depreciation at 6 % average interest, the 
annual depreciation plus interest is equal to $10,494 per well (modified 
after Anbah et al., 1965). 

According to laboratory experimental results and the application of 
electrokinetics in related engineering field, an average increase in the flow 
rate of oil (corresponding to 3.14 KW-h) can be estimated as 13.9 B/D per 
well. The annual gross dollar return (at $70/Bbl) is equal to $355,145.00, 
and after CMR tax (at $6/Bbl) is equal to $324,704.00. This value minus 
the annual labor and electricity cost will give a net annual profit of: 
$324,704.00 - $19,874.25 = $304,829.75. The net profit is approximately 
equal to 304,829.75/10,494.00 ≈ $29.05 dollar returned per dollar invested 
(modified after Anbah et al., 1965). 

These rough sample calculations are presented here in order to indicate 
the possibility of application of electrokinetics in the field (see Chapter 3). 

1.11 Releasing Stuck Drillpipe 

As pointed out by Helmick and Longley (1957), stuck drillpipe occurs 
when drillstring embeds itself into a layer of filtercake on the borehole wall 
(differential sticking). A significant force is required to free the pipe; thus, 
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various countermeasures are employed to prevent the differential sticking 
(Brandon et al., 1993). 

 Khasaev et al. (1983) showed that DC current can reduce the release-
torque. Current densities of 0.7-14.4 mA/cm2 reduced the release torque by 
50 % after 0.5-2.5 hours. This was probably due to electrokinetic transport 
of water to the drillstring-mudcake interface (cathode). 

In the laboratory, Bonanos et al. (1993) showed that for polymer-based 
drilling fluids, the torque required to free the discs decreased by 50-70% on 
passing 10 mA/cm2 DC current. Brandon et al. (1993) conducted excellent 
research on the effect of cathodic currents on friction and stuck pipe release 
in water-based drilling fluids. They found that the release-torque was 
reduced by 50 % in polymer-based and 80 % in clay-based drilling fluids. 

1.12 Summary 

One can summarize the major features and advantages of electrokinetic 
technology as follows: 

• The flow rate of oil and water can be increased by the appli-
cation of direct current. 

• Chemical additives may be used in conjunction with elec-
trical treatment to augment the flow rate of transportable 
fluids. 

• Electrochemical treatment may be used for well stimulation. 
• Electrokinetic flow rate increases with increasing potential 

gradient (or electrical current, I), first reaching a maximum, 
then decreasing with further increase in electrical current. 

• It is cost competitive with steam EOR, with no depth 
constraint. 

• Thief zone problems (e.g., in the case of steam injection in 
EOR) do not exist. 

• There is no water or working fluid requirement. 
• Reduces water consumption and water cut when compared 

to steam EOR. 
• No hazardous emissions or liquid problems. 
• Facility installation can be incremental, allowing the spread-

ing of capital over the lifetime of the desired projects. 
• DC current can be effectively applied for releasing the stuck 

drillpipe in aqueous drilling fluids. 
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2.1 Introduction

Applying a low direct current electrical field across a porous medium, 
such as wet soil induces migration of ionic and surface charged constit-
uents and flow of the pore water to a directed location within the field. 
Commonly referred to as “electrokinetics”, this process is a proven, sustain-
able technology that can transport water and substances residing in or near 
the aqueous phase in clayey soil at a significantly higher rate than hydraulic 
methods. Harmful heavy metal contaminants and radioactive materials, 
as well as some immiscible fluids can thus be removed in-situ. The pro-
cess is especially useful in applications where pump-and-treat methods are 
impractical due to the low permeability of the medium, or in cases where 
the contaminants persist owing to their affinity to the solid phases in clay 
soils. Moreover, the application of direct electric current in soils have been 

2
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used successfully to transport reactive agents, such as nano-particle slur-
ries to enhance in-situ reactions that convert contaminants, or chelating 
or surfactant agents to  solubilize the contaminants so they can be trans-
ported with water advection. More recently, evidence was provided that 
shows how direct electric current can contribute to success of the desired 
transformation reactions by not only providing the “driving force” nec-
essary to deliver active reagents, but also by lowering the energy for the 
redox reactions to occur. This enhancement of transformation reactions 
was attributed to the double-layer polarization of the clay surfaces leading 
to Faradaic processes under the applied electric field.

In most field situations, the contaminants are found adsorbed onto 
soil surfaces, iron-oxide coatings, soil colloids and natural organic mat-
ter. Most contaminants are retained in clay interstices as hydroxycar-
bonate  complexes, or present in the form of immobile precipitates and 
products in soil pore throats and pore-pockets that “lace” the vadose 
zone. This  exacerbates clean-up efforts  as the available technologies, such 
as in-situ bioremediation, chemical treatment or the traditional pump-
and-treat method may not be able to treat the entire site effectively in low 
 permeability soils. Electrokinetics treatment, when designed to properly 
address the site specific features, can potentially reduce the subsurface pol-
lution by  transporting and/or  transforming contaminants, and enhance 
resource recovery by extracting trapped materials (i.e., heavy metals, oils 
and petroleum) which may not be extractable by other means. This chapter 
first provides an overview of the use of direct electric current for envi-
ronmental mitigation in the subsurface, and discusses with examples the 
application of direct electric current to:

i. transport of environmental contaminants for the purpose of 
extracting them out of subsurface soil and water; 

ii. transfer of environmental contaminants for the purpose of 
their destruction in-situ or conversion to environmentally 
less toxic/benign compounds; and

iii. recover resource by extraction and accumulation  of usable 
materials from subsurface soil and water.  

2.2  Overview of Direct Electric Current in Subsurface 
Environmental Mitigation 

Electrically induced migration of ions and water is a proven method of 
externally forced mass transport in clay soils for contaminant remediation 
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purposes (Pamukcu and Wittle, 1992; Probstein and Hicks, 1993, Lageman, 
1993; Acar and Alshawabkeh, 1993, 1996a; Acar et al., 1994; Hicks and 
Tondorf 1994; Eykholt and Daniel, 1994; Shapiro et al., 1995; Yeung et 
al., 1996; Alshawabkeh and Acar, 1996b; Electorowicz and Boeva, 1996; 
Reddy and Parupadi, 1997; Dzenitis, 1997; Chilingar et al., 1997). While 
electoosmosis is analogous to soil washing, ion-migration is probably the 
primary mechanism of mass transport when the contaminants are ionic or 
surface charged. Relative contribution of electroosmosis and ion migra-
tion to the total mass transport varies according to soil type, water con-
tent, ion species, and their concentration.  In silts and low-activity clays, 
electroosmotic flow reaches maximum in comparison to hydraulic flow.  
But the mass transported by ionic migration is always much higher than 
the mass transported by electroosmotic advection (Acar and Alshawabkeh, 
1993).  The effect of electroosmosis decreases significantly when pH and 
zeta potential drops in the later stages of a sustained electrokinetic process 
under a constant electric potential (Hamed et al., 1991 and Pamukcu et al., 
1997). When micelles (i.e., charged aggregate of molecules or particles) are 
formed with other species in the processing fluid, or when slurry masses 
are treated, electrophoresis may become significant (Pamukcu et al., 1995).

Chilingar and co-workers (1997) reviewed and evaluated the electro-
bioremediation technologies for remediation of soils contaminated with 
hydrocarbons and metals. They found many successful applications of the 
combined technologies (Loo et al., 1994) including: (i) primarily passive 
biotreatment for degradation of gasoline and diesel in the soil and ground-
water, (ii) combination of biodegradation and electrokinetic transport with 
a hot air venting system and ultraviolet light bio-control system for degra-
dation of gasoline in the clayey soil, (iii) closed recovery system consisting 
of special enhanced bioremediation for treatment of soil and ground water 
for a site contaminated with gasoline. 

2.2.1  Theoretical Considerations: Transport of Charged  
Species - Electromigration

As in many electrochemical systems, flow of electric current through a 
network of a multi-phase material , such as wet soil occurs in different 
phases simultaneously: in the bulk liquid (electrolyte in the pores), on the 
surface of the solid (clay particles), and in the interface layer(s) between 
the solid and the liquid. Flow of the current can be achieved by ionic con-
duction through the liquid phase and electronic conduction through the 
solid phase and the interface layer(s). The electronic conduction orthogo-
nal to and along the interface layer(s) takes place via charge transfer. In 
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the classical treatise of “electrokinetic phenomenon” in colloidal systems 
(Hunter, 2001; Lyklema, 1995), it is this interface, known as the electric 
double layer (EDL) or diffuse double layer (DDL) which plays a critical role 
in the coupling between the ion motion and the fluid flow.  The double 
layer intrinsically connects the solid and the liquid phase, and mediates the 
relative motion between the liquid and solid phase through (i) accumula-
tion of charge density; (ii) transport of charge and ions along surface; and 
(iii) passage of charge to the surrounding electrolyte (Bard and Faulkner, 
1980). 

The bulk transport of ions in electrochemical systems without the con-
tribution of advection by water is described by Poisson-Nernst-Planck 
(PNP) equations (Rubenstein, 1990). The well-known Nernst-Planck 
equation describes the processes of diffusion, the process that drives the 
ions from regions of higher concentration to regions of lower concen-
tration; and electromigration (also referred to as ion-migration), the pro-
cess that launches the ions in the direction of the electric field (Bard and 
Faulkner, 1980). Since the ions themselves contribute to the local electric 
potential, Poisson’s equation that relates the electrostatic potential to local 
ion concentrations is solved simultaneously to describe this effect.  The 
electro-neutrality assumption simplifies the mathematical treatise of bulk 
transport in most electrochemical systems. Nevertheless, this “no charge 
density accumulation” assumption does not hold true at the inter-phase 
regions of electric double layer between the solid and liquid, hence the 
cause of most electrokinetic phenomenon in clay-electrolyte systems. 

The analysis of mass transport by diffusion under chemical (∂C/∂x) 
gradient and by migration under electrical (∂F/∂x) gradient in dilute 
solutions – for which the interactions between individual species can be 
neglected – is described by the Nernst-Planck [Eq. 2.1] and the Poisson’s 
[Eq. 2.2], together referred to as the PNP equations:

 
∂
∂

= ∇ ∇ + ∇( )C

t
D C u z FCi

i i i i i

* Φ  (2.1)

 − ∇ = = ∑e rs
i

i iz FC2Φ  (2.2)

where, C, D*, u  and z are the concentration, diffusion coefficient, mobility 
and charge number of a single species i, respectively, and F is the Faraday’s 
constant (i.e., a mole of charge); Φ is the electrostatic potential; e

s
 is the 

permittivity of the solvent, and r is the charge density.  
For many electrochemical systems the local electroneutrality condi-

tion is used, which sets the left-hand side of equation 2.2 to zero for zero 
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charge density. The mathematical implication is then that the electrical 
potential satisfies the Laplace equation [∇2Φ=0] hence uniform concen-
tration distribution and uniform conductivity within the electrochemical 
cell. Yet in real electrochemical systems with concentration gradients, the 
current density of the system can be affected to cause current flow in the 
opposite direction of the electric field (Newman, 1991). Using the PNP 
equations and the electroneutrality condition, it can be shown mathemat-
ically that the concentration gradients give rise to a spatial variation of 
conductivity, where a diffusion potential arises to ensure ion movement at 
the same speed to overcome the charge separation and violation of electri-
cal neutrality (Newman, 1991). The charge density accumulation can’t be 
neglected for inter-phase layers, such as the electrical double layer.  Using 
a non-dimensionalized form of equation 2.2, it was shown that the electro-
neutrality condition is a direct result of the Debye screening length, where 
the ratio of the Debye length, l

D
 to the field length, L is described as follows 

[Eq 2.3] (Chu, 2005):
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where, R = universal gas constant, 8.3144 J/K mol ; T = absolute tempera-
ture, [K]; F = Faraday constant, 96,485 C/mol electrons; C

eq
 = equilibrium 

concentration in bulk. 
As shown in equation 2.3, unless the Laplace compliance holds true - 

which is not the case for most electrochemical systems owing to the pres-
ence of concentration gradients - the electroneutrality of the system can 
be satisfied when the Debye length l

D 
is so small compared to L (s.t., e <<) 

that the left hand side of the equation becomes zero. Asymptotic analysis 
of PNP equations numerically solved at several values of e showed that for 
small values of e - as would be in macroscopic systems - the charge den-
sity r is zero for majority of an electrochemical cell of length L, except at 
the boundaries where Faradaic reactions and Stern-layer capacitance are 
considered (Chu, 2005). As the Debye length approaches to the width of 
the electric double layer, non-zero charge density distribution appears in 
the entire electrochemical cell (Chu, 2005). Hence, the electroneutrality 
in an electrochemical system will hold when the charge density is small 
compared to total ion concentration, C

eq 
of the bulk fluid.  As the charge 

density approaches to total concentration within the electrochemical cell 
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(e.g., electric double layer for which Debye length is the width of the layer), 
electroneutrality can be achieved considering Nernstian boundaries and 
Faradaic reactions. 

2.2.2  Theoretical Considerations: Transport of Water and Its 
Constituents - Electroosmosis

In 1809, Reuss observed the electrokinetic phenomena when a DC current 
was applied to a clay-water mixture. Water moved through the capillary 
towards the cathode under the electric field. When the electric potential 
was removed, the flow of water immediately stopped. In 1861, Quincke 
found the electric potential difference across a membrane resulted from 
streaming potential. Helmholtz first treated electroosmotic phenomena 
analytically in 1879, and provided a mathematical basis. Smoluchowski 
(1921) later modified it to also apply to electrophoretic velocity, also known 
as the H-S theory.  Helmholtz-Smoluchowski (H-S) theory describes the 
migration velocity of one phase of material dispersed in another phase 
under an applied electric potential. The electroosmotic velocity of a fluid of 
certain viscosity and dielectric constant through a surface-charged porous 
medium of zeta or electrokinetic potential (ζ), under an electric gradient, 
E is given by the H-S equation as follows:

 v
x

k Eeo
s

eo= ⋅ ∂
∂

=
e z
h

Φ
 (2.4)

where,  v
eo

 = electroosmotic (electrophoretic) velocity
 e

s
    = permittivity of the solvent or the pore fluid

 h   = viscosity of the solvent or the pore fluid
 k

eo 
=

 
coefficient of electroosmotic conductivity

  ∂Φ/∂x = E = electric field
The zeta (ζ) potential in equation 2.4 has been shown to vary with 

pH and ionic concentration of the pore fluid, as well as the electric field, 
therefore is not constant during electroosmotic transport in clay media 
(Probstein and Hicks, 1993). This makes it difficult to assess a velocity 
term for temporal and spatial distribution predictions of the electroos-
motic transport. The nonlinearity and nonuniformity associated with the 
electroosmotic velocity became apparent when experiments showed that 
v

e
/E increased with E, hence rendering the other parameters of equation 

2.4 to be functions of the electrical field (Ravian and Zaslavsky, 1967). In 
a given clay deposit in the field, pore cross-sections, the electrical double 
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layer properties, the fluid viscosity, the dielectric constant, solute distribu-
tion and electrical field can vary significantly from one point to another, 
both along the flow path and in the orthogonal direction. Hence, aver-
aging microscopic parameters (e.g., zeta potential) to use alongside with 
macroscopic parameters (e.g., E) in an H-S equation can lead to the non-
linear effects.

The zeta, ζ potential is the electrical potential at the junction between the 
fixed and mobile parts of the electrical double layer. The ζ potential is influ-
enced by the type and concentration of the electrolytes added to the par-
ticle suspension (Kruyt, 1952; Smith and Narimatsu, 1993).  For clay soils, 
ζ potential is usually negative because of the net negative charge on clay 
particle surfaces.  The magnitude and sign of this potential highly depends 
on pore fluid chemistry.  As the hydrogen and hydroxyl ions are the poten-
tial determining ions, the lower pH will reduce ζ potential in magnitude 
for most clay. At low enough pH, ζ potential may become positive. Hunter 
and James (1992) observed that adsorption of partially hydrolyzed metal 
cations such as Co

2+
, Cd

2+
, and Cu

2+
 cause ζ potential reversals for kaolin-

ite. As the concentration of hydrolyzable metal ions increases, ζ potential 
becomes more positive at low pH levels due to the accumulation of the 
cations in a compressed electrical double layer bearing a larger charge than 
is present on the solid surface (Kruyt, 1952). The effect is largest at an inter-
mediate pH, slightly above the value at which precipitation of the metal 
hydroxide would be expected in the bulk solution. Due to the sorption of 
hydrolyzable metal ions, the sign reversal of the ζ potential can make the 
net electroosmotic flow insignificant in clay soils with high pore fluid elec-
trolyte concentrations. In this case, and also for saline soils, electromigra-
tion becomes the dominant mechanism of electrokinetic transport.

Recognizing the inability to uncouple v
eo

 from E in the classical H-S 
equation for macroscopic systems, Khan (1991) proposed a modified 
 theory of electroosmotic flow in clay soil.  In Khan’s work, the ionic con-
ductance through the bulk fluid and the electronic conduction through 
the electric double layer at the solid-liquid interface were lumped in series, 
representing resistances in parallel or conductance in series.  When model-
ing mass flow in the direction of the electric field, it is intuitive to line up 
the conducting elements in the direction of the electric field. The electroki-
netic transport theory clearly shows that it is the electronic conductance at 
the electric double layer that induce electroosmotic transport and the ionic 
conductance in the bulk fluid that result in the ionic transport.  Hence, the 
following relations are expected to hold:

 i i is b= +  (2.5)
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where, k
eo

 is the H-S coefficient of electroosmotic conductivity; i, i
s
 and i

b
 

are the total, surface and bulk currents (Amps or C/s), respectively; R
s
 and 

R
b
 (Ohm) are the surface and the bulk resistances; and σ

s
 is the surface 

conductivity (l-1 Siemens or l-1Ohm-1; where l represents the unit of length); 
t is the tortuosity; n is the porosity; A is the total area (A

flow
 = nA). The rela-

tion between the resistance and conductivity is given as: R
s
=L’/(σ

s
A

flow
) , and 

the tortuosity term t  is included to augment L (L’=Lt) because the electric 
currents may follow a tortuous path through the length, L of the electro-
chemical cell for which the pore walls are assumed  lined up with connected 
electric double layers. In this model, K emerges as a factor that relates vol-
ume rate of electroosmotic flow of fluid movement per electrical charge. 

Shang et al., (1995) looked at the relation of conductivity and apparent 
polarization in several wet clay systems, where they found that the sur-
face conductivity and the apparent permittivity decreased significantly 
when the volume fraction of the particles was increased beyond 0.3. They 
also found that the conductivity of the bulk fluid was at least an order of 
magnitude higher than the surface conductivity (=> R

b
/R

s
 ≅ 0.1), and that 

the surface conductivity increased when the clay was remolded (=> R
b
/

R
sr
 ≅ 0.2-0.5). These findings support Khan’s (1991) “parallel resistances” 

model when the flow direction is implicitly taken to be the direction of 
the electric current flow. Because the electroosmotic velocity representa-
tion using the surface conductivity, s

s,
 would require fully developed elec-

tric double layers with connectivity, increasing the dry clay content would 
inhibit the connectivity of the electric double layers, and hence cause the 
reduction in the measurement of the surface conductivity for the overall 
system. The remolding of wet clay pastes has been shown to reduce the 
repulsion between particles and cause them align in a face-to-face orienta-
tion (Mitchell, 1993; Quigley, 1980), and therefore, possibly increase the 
connectivity of the electric layers in edge-to-edge correspondence. It fol-
lows than the preferential alignment of the particles in the direction of 
the electrical field help increase the surface conductivity, as was shown by 
Shang and co-workers (1995). 
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Through laboratory experiments K has been shown to be a constant, 
independent of the electric field and soil mineralogy for similar major ion 
concentrations of the bulk fluid (Pamukcu and Wittle, 1992; Wittle and 
Pamukcu, 1993). In these studies, the volume of electroosmotic flow (V, 
cc) per electric charge (either in Coulombs or moles of electrons) referred 
to as the electroosmotic efficiency coefficient, K

ef
 (cc/C) were determined 

from numerous electroosmotic tests of different clay and solute combi-
nations. The relation between the cumulative electrical charge versus the 
cumulative volume of electroosmotic flow was found to be linear for a 
given clay type (e.g., kaolinite, montmorillonite, and sand-clay mixtures), 
at given initial concentration of different ion species (As, Cd, Co, Cr, Cs, 
Hg, Ni, Pb, Sr, U and Zn), all applied separately in the pore fluid. In these 
series of experiments (Wittle and Pamukcu, 1993), the clay matrixes used 
were pure kaolinite (KS), montmorillonite (MS), kaolinite with simulated 
groundwater electrolytes (KG), kaolinite with humic substances (KH), and 
a mixture of fine sand and 10% by weight montmorillonite (SS). In all cases 
the transport experiments were conducted over 48 hours with a constant 
electric field of 4 V/cm applied across the electrodes. The clay specimens 
were sandwiched between two electrode chambers housing a set of graph-
ite electrodes in tap water as shown in Figure 2.1.

The K
ef
 was demonstrated to be a constant factor for the soil type, but 

changed with the initial concentration of the major ion. Figure 2.2 shows 
this variation for Cd+2 as the major metal ion in clay pores. Also shown 
on the graph is data from a reference soil matrix (Synthetic Soil Reference 
Soil Matrix, SSRM), which represented a typical well-graded reference 
soil matrix (USEPA). The behavior of K

ef
 shown in figure 2.2 is typical of 

all the other major contributing ions tested in these series of experiments 
(Pamukcu and Wittle, 1992, 1993). 

The constancy of K
ef
 with soil type or clay mineral demonstrates that 

the assumptions made in developing equation 2.8 are valid. The following 
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Figure 2.1 Schematic and photo of the Lehigh EK test cell assembly
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treatise further strengthens the validity of these assumptions. Figure 2.3 
presents the variation of the measured K

ef 
for all soils and six selected major 

contributing ions (Cd, Cs, Cr, Pb, Sr and Zn) in the bulk fluid, all applied 
separately. There is a clear trend of decreasing K

ef
 factor with increasing 

ion concentration, where the normalized K
ef
 of different soil types with 

similar molar concentration cohort of different ions are shown. The values 
are normalized by the measured K

ef
 values of the respective “blank” clays, 

those that were mixed and consolidated only with distilled water. At low 

200
Cd+2 K

ef
 = 0.12

[Cd+2] ~ 0.0002 M

Kef
 = 0.05

[Cd+2] ~ 0.006 M

KS (I)
KS (h)
KG (h)
KH (h)
SS (h)
MS (I)
MS (h)
SSRM

K
ef

 = 0.05

[Cd+2] ~ 0.008 M

K
ef

 = 0.015

[Cd+2] ~ 0.04 M

K
ef

 = 0.008; Synthetic Soil

Reference Matrix (SSRM)

160

120

80

40

0
0 2000 4000

Cumulative Electrical Charge, C

C
u

m
u

la
ti

v
e

 V
o

u
lm

e
 o

f 
E

le
ct

ro
sm

o
ti

c 
Fl

o
w

V
 (

cc
) 

6000 8000

Figure 2.2 Variation of Cumulative Flow with Electric Charge (Pamukcu and Wittle, 

1992; Pamukcu, 2009)

Figure 2.3 Variation of measured K
ef
 factors with ion and soil type at same concentration 

(Pamukcu and Wittle, 1992; Pamukcu, 2009)

0.5
0.425

0.359 0.364

Average values Kef-blank KS = 0.14

Kef-blank MS = 0.04

0.4

0.15

0.12

0.09
C

o
n

ce
n

tr
a

ti
o

n
 o

f 
m

a
jo

r 
io

n
, M

0.06

0.03

0

0.3

K
e

f/
K

e
f-

b
la

n
k

0.2

0.1

0
Cs+ Cs+

KS MS KG KH SS Molar Concentration

Cs+2

Major contributing ion in clay

Cr+3 Pb+2 Zn+2



Reduction of Contaminants in Soil and Water 43

concentrations (e.g., Cs, Cd and Sr, all ≤ 0.01 M), the concentration and 
the type of the ion appear to control the K

ef
 factor, as all soil types show 

very close to constant normalized values of K
ef
 for the three ions involved 

(except MS with Sr). Subsequently, as the concentrations of the major con-
tributing ions increase beyond 0.01 M, fewer soil types comply with the 
categorization, because the mineralogy of the soil, and its unique chemi-
cal interaction with the dominant ion comes into effect. Because of the 
uniqueness of this interaction the normalized values show greater varia-
tion for each ion involved at high concentration (e.g., Cr, Pb, Zn) then the 
low concentration (e.g., Cs, Cd, Sr) group.  

K
ef
 is computed easily by measuring the total volume of flow through the 

clay matrix and the corresponding total current in the laboratory. In equa-
tion 2.5 the total current, i is given as the summation of the bulk current, 
i
b 
and the surface current, i

s
. Unless the contribution of the surface current 

is uncoupled, the measured K
ef 

based on total current, i will always dis-
play high dependency on soil composition and mineralogy, and the type 
and concentration of the major contributing ion. During electrokinetic 
transport, as the bulk fluid chemistry changes so does the electric double 
layer properties of the clay medium. Equation 2.7 derived earlier, shows a 
ratio of the H-S coefficient of electroosmotic conductivity k

eo
 and the sur-

face conductivity, s
s
, which should remain constant as they are uniquely 

related. Only when this constancy (= k
eo

/σ
s
 =constant) is true, so is the 

expression given in equation 2.8. It is important to note here that the use 
of equation 2.8 necessitates the presence of distributed surface conductiv-
ity that enables the surface currents to travel within the electrochemical 
system for electroosmosis to occur. Yin and co-workers (1995) backed up 
Khan’s theory, which relate electroosmotic mobility and surface conduc-
tivity.  They found that there is no apparent relationship between electro-
osmotic mobility and the applied electric field.  The term, electroosmotic 
mobility, defined as the average velocity achieved by the pore water relative 
to the solid skeleton due to an externally applied electrical field of unit 
strength (cm2/s-V), appeared to be directly proportional to the specific 
conductance (mho/cm) of the specimens at different water saturations in 
independent tests (Yin et al., 1995). 

2.2.3  Theoretical Considerations: Mathematical Modeling  
of Transport

In the past two decades, many researchers studied and proposed theoreti-
cal models of ion transport under electric field as it applied to contami-
nated clays.  In most cases, dilute solutions, rapid dissociation-association 
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chemical reactions, and small double layer thickness were considered.  
These models were all based on the Nernst-Planck equation, and each was 
calibrated to the experimental findings (Shapiro and Probstein (1993); 
Mitchell and Yeung (1991); Denisov and Probstein (1996); Alshawabkeh 
and Acar (1996); and Cao (1997)). Cao in 1997 modeled the ion trans-
port considering the effect of changing electrical fields due to the re-dis-
tribution of charge concentration. The effect was later shown in a rigorous 
mathematical analysis by Chu, (2005) where concentration gradients give 
rise to spatial variation of conductivity to overcome the violation of elec-
troneutrality of the bulk fluid. 

In the basic governing equation of advection-diffusion, dispersion refers 
to the movement of species under the influence of gradient of chemical 
potential, whereas advection is the stirring or hydro-dynamic transport 
caused by density gradient or forced convection. A general one-dimen-
sional mass transfer to an electrode is governed by Nernst-Planck equation:

 J x D
C x

x
u z FC

x

x
C v xi i

i

i i i i( ) = −
∂ ( )

∂
−

∂ ( )
∂

− ( )* Φ
 (2.9)

where, Ji  = total flux of species i, [Mt
-1

l] ; u
i 
= D*

i
/RT = mobility of species 

i (Nernst-Einstein relation) v(x) = advective velocity (= v
eo

(x), the electro-
osmotic velocity)

The mobility of an ion u
i
 is defined as the limiting velocity of an ion 

moving in an electric field of unit strength. The minus sign arises because 
the direction of flux opposes the direction of increasing Ci. Applying Fick’s 
second law, we arrive at another form of Nernst –Planck equation (also 
given earlier in equation 2.1) with the added advection term:

 
∂
∂

= ∇ ∇ + ∇( ) + ∇ +( )∇
C

t
D C u z FC u z F v Ci

i i i i i i i i

* Φ Φ  (2.10)

Equation 2.10 is the basic mass transfer equation for an electrochemical 
system under an electric field.  In equation 2.10 the first term is the diffu-
sion; the second term is the migration; and the third term is the advection 
contribution to the total mass transport of the species i in an electrochemi-
cal system.  In clay soils where the hydraulic advection is negligible com-
pared to electroosmotic advection, the velocity term v is simplified as the 
electro-osmotic velocity (v

eo
).

The two important system parameters that contribute to the ion 
flux, and hence the distribution of current density in the system are the 
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electromigration (v
em

), and the electroosmotic (v
eo

) velocities given in sum-
mation as the advective velocity (v

adv
):

 v v vadv em eo= +  (2.11)

where, v u z Fem i i= ∇Φ  
and, from Eqs. 2.4 & 2.7, v

n

i

A
eo

s

s

s=
⎡

⎣
⎢

⎤

⎦
⎥ ⋅

e Vt
hs

The electromigration velocity in equation 2.11 is the speed of ion move-
ment in the pore water caused by an electric field in infinitely dilute solu-
tions. In the pore fluids with finite ion concentrations, which more closely 
resemble the electrochemical systems of contaminated clays, the influence 
of the inter-ionic attraction should be considered. Generalized ion mobil-
ity that accounts for the possibility of interactions between the ionic spe-
cies can be used to modify the electrochemical potentials of individual ions 
in the flux term [Eq. 2.9] when strong chemical reactions between ionic 
species are considered (Newman, 1991). The resulting relative electric field 
due to the retardation effects of dissymmetrical ionic atmosphere during 
ion transport was considered in Cao’s model (1997) as described below. 
The electroosmotic component of the electrokinetic transport is depended 
on the electroosmotic velocity of the fluid flow. The classical H-S equation 
expresses this parameter as a function of the field gradient. Due to the 
tight coupling between the ion concentrations and electric potential – as 
the ions contribute to the local electric potential themselves – the use of 
H-S electro-osmotic velocity in transport determination in clay soils can 
result in nonlinear predictions (Ravian and Zaslavsky, 1967; Chu, 2005). 
Hence, uncoupling this parameter from the electric potential using the 
surface conductivity s

s
, and the resulting proportion of the current trans-

ferred over the solid-liquid interface i
s
, provide an intrinsic electroosmotic 

velocity dependent on clay surface properties only, as first introduced by 
Khan (1991) in equation 2.8. 

The model predicted distribution and evolution of bulk conductivity, s
b
 

and field strength, E, in kaolinite clay containing Pb(NO
3
)

2 
at the  initial 

concentration of 0.05M in its pore fluid are presented in Figures 2.4 and 2.5, 
respectively (Cao, 1997). In Figure 2.4, the normalized distribution of the 
conductivity (normalized by the initial conductivity of 0.28 Siemens/m) 
shows a consistent decrease in the conductivity at the cathode region, and 
a steady spread of the lower conductivity towards the anode area over time. 
Part of this result is attributed to the decrease of dissolved lead concentra-
tion, which prevail over the increase of H+ concentration. The change of 
the conductivity is influenced by combination of three factors: (i) the initial 
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concentrations of the species, (ii) the spatial and temporal distribution of 
ionic mobility of each species and (iii) the production rate of H+ at anode.  

As the conductivity varies, the lower conductive area requires higher 
potential over it to keep a consistent current with the other parts of the soil 
column, resulting in a nonlinear electric potential profile across the cell. 
This tendency is observed in Figure 2.5 where the time evolution of the 
electric potential distribution is presented. As the electrochemical trans-
port continues, the potential curve becomes less steep over the entire cell 
except in a narrow region adjacent to the cathode, where the electrical 
potential is likely to have the largest gradient.  This tendency agrees well 
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with the experimental data reported by Wittle and Pamukcu (1993) and 
Acar and Alshawabkeh (1996), among many others.

When charged ions transport under the influence of an externally applied 
electrical field, their concentration distributions change with time which 
lead to a change in local electrical conductivity, as discussed previously. 
The change of local electric conductivity directly alters the value of a poten-
tial gradient at that specific point. Hence, the changing electric conductiv-
ity and electrical field strength describe the transport process of the species 
implicitly.  Furthermore, the mobility of the charged species decreases as 
they congregate in the direction of their migration. The increasing concen-
tration of the ions leads to a decrease in equivalent conductance in their 
migration direction (Kortüm and Bockris, 1951). According to Kohlrausch’s 
law of the independent migration of ions, the equivalent conductance of an 
electrolyte is additively composed of the ionic conductivities of the con-
stituent ions. As ions move under an applied electric field at their terminal 
ionic velocity (u

i
) of infinite dilution, two other phenomena occur, which 

retard ion velocity and effectively reduce the bulk conductivity. These are 
called the “retardation” and “electrophoretic” effects. The retardation effect 
comes about when the ionic atmosphere becomes unsymmetrical about an 
ion in motion, as the charge density decrease in front of the ion and increase 
behind it. For a moving positive ion, a net negative charge trail behind it 
exerting an electrostatic force in the opposite direction. The electropho-
retic effect occurs as the negative ions in the ionic atmosphere around the 
positive ions migrate in the opposite direction taking their solvent sheaths 
with them. The positive ion therefore travels against a medium moving in 
the opposite direction, hence a viscous drag. A quantitative formulation of 
ion mobility, relating the magnitudes of the electrostatic retardation force 
and the viscous drag force to the radius of the ionic atmosphere directly 
provides a theoretical basis for the well-known empirical relation known 
as the “Kohlrausch square root law” (1900), in terms of equivalent conduc-
tance, Λ

v
 [l

2
 Ohm

-1
] (Kortüm and Bockris, 1951). The Λ

v
 is also the sum of 

individual ionic conductivities (F.u
+
 for positive ions; and F.u

- 
for negative 

ions), hence the ionic mobility of a given ion, u
i
 can be expressed in terms 

of the equivalent conductance (Bard and Faulkner, 1980):

 u
t

F
i

v i=
Λ ’

 (2.12)

where t’
i
 = u

i
/(u

+
+u

-
) is the transference number of the of species i. 

Equation 2.12 effectively incorporates the retardation effects into the 
mobility determination for high concentration solutions. As an example, 
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the variation of the mobility of the positive ion (e.g., H+, K+, Na+) of the 
1,1 valence electrolytes HCl, KNO

3
 and NaCl in aqueous solutions at 

room temperature were computed according to Equation 2.12, where Λ
v
 is 

described by the “Kohlrausch square root law.” These relations are plotted 
in Figure 2.6. The variation of the transference numbers of the cations with 
concentration are also plotted to discern its effect on the mobility of each 
ion. As observed, the reduction of the mobility of each ion with increasing 
concentration appears to be mostly dependent on Λ

v
. 

The Cao-model was used to predict the spatial and temporal distribu-
tions of four ionic species, Pb+2, NO

3
-, H+ and OH- in kaolinite clay. Four 

one-dimensional advection-dispersion equations were solved simulta-
neously, one for each ionic species. Changes in electrical potential, con-
ductivity and field strength were considered in the solutions. Figures 2.7 
present the spatial distribution of the total lead and the pH for 35 day runs 
of Cao-model. Superimposed on the numerical solutions are results from 
the laboratory tests of Pb(NO

3
) contaminated kaolinite clay subjected to 

long-term electrokinetic treatment. The 35-day lead and pH distribution is 
predicted well by the model, including the accumulation of the metal in a 
narrow zone adjacent to the cathode. The model predictions of the 15-day 
and the 35-day distribution of lead concentration indicate that migration 
velocity of the ions become affected by the electrical field distribution over 
time. The reduction in electrical conductivity at the cathode zone results in 
higher electrical field in that region. The high electrical gradient hurls the 
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ions to the narrow high pH zone to be accumulated by precipitation, hence 
evacuating the region immediately behind it. The progression of this effect 
is clearly seen by the evolution of lead distribution from 15 to 35 days, 
as the distribution towards the cathode regions continues to dip behind 
the high pH zone. The distribution of lead near the anode does not dip 
at the same rate because the conductivity remains high and the electric 
potential distribution tends to flatten there. Consequently the ions slow 
down responding to a lower electric field. Factors such as sorption, retar-
dation and precipitation influence the model predictions, but their relative 
contributions may be small other than the narrow high pH zone near the 
cathode.

2.2.4  Theoretical Considerations: Electrochemical 
Transformations

Transport and extraction of both the inorganic and organic substances from 
clay pores frequently involve the addition of one or more chemical reagents 
to the system (Liu and Wang, 2013, Chen et al., 2011, Ryu et al., 2011, 
Chang et al., 2010, Pazos et al., 2008 and Hansen et al., 2005), introduc-
ing with it the possibility of secondary pollution. Recently, “green technol-
ogy” has been explored for in-situ destruction of contaminants enhancing 
beneficial electrochemical reactions by electrokinetics. Optimization 
parameters include changing electric field direction and intensity (Peng 
et al., 2013), applying a sinusoidal electric field with pulses and a polarity 
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reversal (Rojo et al, 2012) and the increasing potential gradient (Lei et al. 
2012). Diffuse double layer (DDL) processes of clay have been suggested to 
influence in situ conversion of heavy metal soil contaminants to potentially 
less toxic forms when an external direct current is applied to the clay-elec-
trolyte system (Pamukcu et al, 2004, 2008; Brosky and Pamukcu, 2013). 
The DDL shrinks, reducing the electrokinetic potential (i.e., zeta potential) 
of the system in the event of lowered pH and/or increased ionic concentra-
tion of the pore fluid due to accumulation of charges in DDL (Israelachvili 
and Adams, 1978). Therefore when the electrokinetic potential of a clay-
electrolyte system changes under varying pH or electrolyte concentration, 
the system may become prone to spontaneous Faradaic reactions as it tries 
to restore the equilibrium back. In electrokinetic treatment of clays, the 
transient acid front movement from anode to cathode, and the regions of 
low and high pH developing near the electrode sites can set the stage for 
triggered Faradaic reactions resulting in beneficial transformation of the 
contaminants.

In soils, all particles with active interfaces (i.e., Inner (IHP) and the 
Outer Helmholtz Planes (OHP) (Hunter, 1981)), can be regarded to “act” 
as electrode interfaces when a current is supplied to them, adding up to 
a significantly large effective electrode surface area. Current flows across 
these interfaces via two pathways: the Faradiac and non-Faradiac. When 
an external electric field is applied to water saturated clay of high ionic 
concentration in the pore fluid, given the incompatibility between the con-
ductivity of two conducting layers in the mixture: 1) the DDL of clay parti-
cles with low conductivity (σ

s
), and 2) the surrounding electrolyte solution 

(bulk solution or pore fluid) with high conductivity (σ
b
), a large electrical 

potential is induced across the DDL. This results in compression of the 
DDL, resulting in higher charge density in this region. This is similar to 
the effect when salt concentration of the bulk fluid is increased causing 
the compression or shrinkage of DDL. The electric potential distribution 
shifts back (i.e., towards the solid) and down, lowering the electrokinetic 
potential at the shear plane (ς, zeta potential) as shown in Figure 2.8a,b,c. 
The potential distribution shift in this manner increases the intensity of 
the electric field within the Stern layer (between IHP and OHP), while 
decreasing the Capacitance, C of the DDL. The reduction in capacitance 
of the diffuse layer can trigger electron transfer across the diffuse layer 
towards the solution, giving rise to a Faradaic “cathodic” current (Bard and 
Faulkner, 1980). The capacitance, C, of the double layer is directly related 
to the bulk electrolyte concentration and the surface potential of the par-
ticle. The capacitance reaches a minimum at the point of zero charge (PZC) 
and sharply increases on either side for the low electrolyte concentrations 
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of the bulk solution. The surface charge or electokinetic potential of most 
clay sharply varies with pH.  For example, the PZC for most types of 
kaolinite clays have been reported to coincide between pH 2.0 and 4.0, 
depending on the electrolyte concentration of the pore solution (Bard and 
Faulkner, 1980). Accordingly, as the DDL compresses or expands, Faradaic 
currents (cathodic or anodic) can generate across Outer Helmholtz Plane 
(i.e, frequently assumed where the electrokinetic potential and shear sur-
face develops), whereby the concentration gradients are overcome and the 
electrical equilibrium restored.

Recently Brosky and Pamukcu (2013) proposed that a nonspontaneous 
change in the oxidation-reduction potential (i.e., E

h
) of a clay-electrolyte 

mixture represents the charge discharge due to the compression of the DDL. 
They demonstrated a shift in E

h
 values with increasing clay concentration 

of an aqueous slurry during electrically enhanced reduction of Cu(II) by 
Fe(II), as shown in Figure 2.9. The increased clay concentrations promoted 
electrochemical reduction of Cu2+ to more environmentally benign Cu+ or 
Cu0 in the system. This is highly relevant to bottom waters and sediments 
of surface water bodies, where many heavy metal contaminants are found.  
Electrically treated clay can switch its surface potential sign in time as pH 
lowers below an ‘apparent’ PZC.  It can be seen from Figure 2.10 that the 
PZC is achieved for the kaolinite-Cu(II)-Fe(II) test slurries at around pH 
2.4. The PZC signifies that the charged layers surrounding the clay particles 
become saturated with charges from ions in solution as well as electrons 
from current flow. At this state, the DDL capacitor is storing maximum 
charge and therefore has reached its minimum capacitance and maximum 
redox potential.  Zeta potential data shows that electrically treated clay can 
switch in zeta potential sign in time as the pH decreases below the ‘appar-
ent PZC’ of pH 2.4.  Observing Figure 2.9, it appears that the clay systems 
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shift from base E
h
 is maximized (~ between 4-6 hours) when the pH of the 

system is recorded at around 2.4. This is consistent with the PZC of 2.4 
shown in Figure 2.10.

Evidence of DDL-enhanced Cr(VI) reduction to less toxic Cr(III) 
by direct current application has been reported previously (Banarjee et 
al., 1987; Pamukcu et al., 2004,2008; Alshawabkeh and Sarahney, 2005; 
Hannum and Pamukcu, 2007). Electrolytic transformations of selected 
CHCs and PAHs have also been demonstrated successfully in water and 
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wastewater (Franz, 2002; Pulgarin et al., 1994). There has also been recent 
evidence for the double layer-enhanced removal of Pb(II) (Ahn et al., 2010). 
Previously, controlled laboratory experiments of kaolinite clay (see test set-
up in Figure 2.11) injected with Fe(II) showed that an externally applied 
electric field caused an additional “cathodic current” that drive forth the 
reduction of Cr(VI) in clay  (Pamukcu et al., 2004). These transformations 
were characterized as to have resulted from the capacitive changes on the 
clay surfaces. The results in these experiments showed that the system ORP 
(oxidation-reduction potential) increased by a positive shift from the stan-
dard solution ORP in the presence of the clay medium and the induced 
electrical field. The ORP measurements were plotted against the reaction 
quotient of the Nernst relation, where the data was categorized by pH, as 
shown in Figure 2.12. The low pH range (pH range 2=>3) data showed the 
best agreement with the linear fit, and the relative scatter of data at higher 
pH values was attributed to poor polarization of the electric layer. At low 

Figure 2.11 The electrophoretic set-up to measure enhanced transformation of Cr(IV) to 

Cr(III) (Pamukcu et al., 2004, 2008; Hannum and Pamukcu, 2007) 
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pH, the DDL is compressed with a higher ion concentration, higher  electric 
field (Israelachvili and Adams, 1978), hence higher degree of polarization, 
and lowered capacitance. At higher pH, the DDL is expanded with reduced 
degree of polarization, consequently higher capacitance. The ions in an 
expanded DDL are less restricted to move, therefore discernable fluctua-
tions are likely to occur in the potential development across the diffuse layer.

2.3  Electrokinetically-Aided Environmental 
Mitigation 

The main and best-known advantage of electrokinetically aided environ-
mental mitigation is its ability to move water, dissolved contaminants and, 
colloidal/micellar particles through low permeability soils and porous for-
mations that are not amenable to hydraulic treatments (Hamed et. al, 1991; 
Pamukcu and Wittle, 1992; Wittle and Pamukcu, 1993; Acar, et al., 1986, 
1989, 1990, 1992; Shapiro and Probstein, 1993, Probstein and Hicks, 1993; 
Pamukcu et al. 1995, 1997; Pamukcu, 1994, 1998). The electrokinetically 
aided transport is based on well-known electrokinetic processes (Hunter, 
1981; Cassagrande, 1949; Mitchel, 1993), primarily comprised of electro-
osmosis, electrophoresis, and ion migration in wet soil. The electrokinetic 
treatment involves applying a low direct current (on the order of milliamps 
per unit cross-sectional area), or a low potential gradient (on the order of 
few volts per unit distance) between the power electrodes inserted in the 
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ground. As a result, the contaminants are transported towards the anode 
or cathode electrode sites by ionic or electrophoretic migration, and elec-
troosmotic advection. The contaminants are then removed at the electrode 
sites by one of several different methods: electroplating; adsorption; pre-
cipitation complexation, or pumping.

The electrokinetic treatment is a powerful soil clean-up technique 
explored both in the laboratory and the field for the last several decades, 
particularly for difficult site conditions. The field applications have fre-
quently demonstrated that the success of the treatment is hinged on site 
specific engineering design of the total system, which includes the enhance-
ment of the transport (Lageman, 1993; Yeung et al., 1996; Acar et al., 1997; 
Lindgren, 1998). Some of the phenomena experienced with electrokinetic 
treatment of soils which, interfere with the steady transport of fluid or 
charged particles to an electrode site are: (i) the spatial and transient varia-
tion of soil pH, electric gradient and pore pressures, (ii) surface polarization 
effects on particles and electrodes, (iii) other electrochemical effects. 

The electrolysis reactions that occur at the electrode sites of the applied 
potential can produce substantial changes in pH of the pore solution. The 
reactions are oxidation at the anode generating hydrogen (hydronium) ion 
and oxygen gas, and reduction at the cathode generating hydroxyl ions and 
hydrogen gas, as follows:

Anode:    H
2
O ⇔ 2H+ + (1/2)O

2 
+2e- (Standard potential) E0 = +1.23 V

Cathode: 2H
2
O + 2e- ⇔ 2OH- +H

2
 (Standard potential) E0 = -0.83 V 

The rates at which the hydrogen and hydroxyl ions are produced depend 
on the current, as such the lower the current density, the lower the rate. The 
hydrogen and the hydroxide ions are transported into the soil by electromi-
gration. The resulting  pH fronts influence the adsorption/desorption and 
precipitation/dissolution reactions of ionic constituents in the soil pores, as 
well as the surface chemistry and electrochemistry of the mineral particles. 
The reduced pH is beneficial in desorption of most metals from soil, as well 
as dissolution of most metal precipitates. Natural soils with high buffer-
ing capacity and carbonate content, or those under the groundwater table 
tend to neutralize the acid front and maintain a higher pH environment 
(Pamukcu, 1994). The base front generated at the cathode electrode pen-
etrates the soil a narrow distance creating a zone of high pH, promoting 
precipitation of the inorganic species into insoluble hydroxide salts in the 
pore space and also their retention on the clay surfaces. . These side effects 
may be overcome by continuous adjustment of the pH at the analyte and 
the catholyte, and/or by adjusting the current density in the soil.
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The mitigation outcomes of electrokinetic treatment can be catego-
rized in three general processes, not exclusive of each other: extraction 
and separation; immobilization; and transformation, as discussed below:

2.3.1 Electrokinetially-Aided Separation and Extraction 

Electrokinetic extraction is analogous to soil washing whereby the con-
taminant is extracted from the soil pore space and subsequently collected 
in aqueous phase in a collection well or deposited at the electrode site. 
The alkali metals, e.g., Na(I), K(I), and Cs(I), and alkali earth metals, e.g., 
Sr(II) and  Ca(II) tend to remain ionic under a wide range of pH and 
redox potential values, therefore they are expected to electromigrate and 
be extracted from soils readily unless they become preferentially sorbed 
onto solid surfaces and clay interstices in soil. Under ideal conditions, the 
predominant cation and its accompanying anion may be caused to separate 
efficiently by electromigration only, for which little or no electroosmotic 
water advection may be necessary (Weinberger, 1993). The electroneutral-
ity can be maintained by the hydrogen and the hydroxide ions produced 
by the electrolysis reactions at the electrodes and transported into soil by 
migration.  

Described below are several selected laboratory experiments conducted 
using the Lehigh Elektrokinetic Test Cell  (Wittle and Pamukcu, 1993; 
Pamukcu, 1994) to exemplify the variety of electrokinetic extraction and 
separation processes that can be engineered to address site specific situa-
tions. The soil samples used in all these experiments were the actual con-
taminated field soils.

A. NaCl Extraction/Separation: The first example of ionic spe-
cie separation and extraction is provided for NaCl removal 
from drilling mud obtained at an Eastern Pennsylvania site. 
Figures 2.13 and 2.14 show the separation of sodium (Na) 
and chloride (Cl) from drilling mud soil samples of differ-
ent water saturations under constant electric potential. The 
final pH profiles attained at the end of the tests are super-
imposed on the graphs. As observed in figure 2.13, close 
to 100% recovery of the Na is accomplished in the 81% 
saturated specimen, S1 at the termination of the test, while 
about 70% of Na is recovered for the 53% saturated speci-
men, S2. The specimen designated as S1 shows a substantial 
recovery of Cl (figure 2.14), although not as high a recovery 
as Na. The inability to account for all the Cl transported 
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to the anode chamber is attributed to formation of gaseous 
chlorine (at pH below 4) which would have escaped from 
the anode chamber without accumulation.
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Figure 2.13 Post Electrokinetic distribution of Na in drilling mud of various initial water 

saturation degrees (S1,S2,S3), at various pore volumes of flow (PVF) (Pamukcu and Wittle 

al.,1993)

Figure 2.14 Post Electrokinetic distribution of Cl in drilling mud of various initial water 

saturation degrees (S1,S2,S3), at various pore volumes of flow (PVF) (Pamukcu and 

Wittle., 1993)
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B. Perchlorate, ClO4- Extraction: In another example, perchlo-
rate, ClO

4
- contaminated soil samples retrieved from an avi-

ation facility near Rancho Cordova, California were treated 
to explore the extraction of this species electrokinetically. 
The soil contained little clay, but mostly fine to medium 
sand and silt. The packed samples were saturated in the lab-
oratory with the groundwater specimen obtained from the 
same location that contained high levels of perchlorate. The 
laboratory test specimens measured 25.7 % water content by 
dry weight, bulk density of 2.8 g/cm3, and void ratio of 0.6. 
Two tests were conducted in parallel one of which served 
as a control test with no electrical current. In the treatment 
cell the soil was subjected to constant 30 Volts across the 
electrodes residing in chambers filled with the local ground-
water from site. The results of these tests are presented in 
figures 2.15 and 2.16. 

The current density varied from maximum of 1mA/cm2 
to minimum of 0.006mA/cm2, as shown in Figure 2.15. The 
efficiency of extraction (i.e., moles of perchlorate per quan-
tity of electricity) is closely related to the current measured 
in the soil. The current peaked at 80% removal and dimin-
ished thereafter. Although the applied voltage remained at 
30V across the electrodes, the voltage potential measured in 
the soil was transient; decreasing thereafter the maximum 
removal efficiency was reached. A number of reasons can 
be offered for this occurrence, some of which are: loss of 
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electrical energy through the electrolysis of water, changes 
in soil water chemistry and transient pressure differentials 
in soil pores (Ray and Ramsey, 1987; Muraoka et al., 2011). 
This experiment exemplifies one of the  typical situations 
where the majority of the current is carried by the ion flow 
in pore fluid, and not through the double layers. Therefore, 
electromigration in pore fluid becomes the dominant mech-
anism of transport.

As observed in figure 2.16, approximately 99% of the ini-
tial mass of the perchlorate (the initial perchlorate concen-
tration was 840 mg/kg) was extracted out of the sample soil 
by the end of 7 days of electrokinetic treatment. The control 
specimen showed less than 30% removal by diffusion for the 
same duration. The rate of electrokinetic removal was signif-
icantly faster for the first three days of treatment, by the end 
of which 80% of the initial mass of perchlorate was removed. 
Although the soil remained conductive beyond the 3 days, 
most of the current carriers in the pore fluid were depleted 
during that time. The electro-osmotic flow of water contin-
ued in the positive direction (from anode to cathode) for the 
first 8 days of treatment, but ceased afterwards. The average 
equivalent hydraulic conductivity was computed as 1x10-5 

cm/sec, and the electro-osmotic permeability as 1.7x10-5 
cm2/sec/V. 

C. Ammonium, NH4+ Extraction: The processed munici-
pal sludge by N-Viro Soil™ technique produces a Ca-rich 

Figure 2.16 Cumulative mass of ClO
4

- removed from soil into the electrode chambers 

during EK (Pamukcu and Huang, 2001)
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material, a potentially inexpensive source of calcium for 
cement production. The fresh N-viro soil gives out ammo-
nia (NH

3
(g)) as a by-product of the process, which needs to 

be mitigated prior to handling the material. Electrokinetic 
extraction was proposed to reduce the excess ammonia in 
N-Viro Soil™. The visual and textural observation of the 
granular material indicated fine sand to silt size mixture 
with little plasticity. The leachate was a brown colored liq-
uid. Upon arrival, the leachate was acidified to arrest NH

4
+ 

in the liquid, thereby preserving its original concentration. 
The test specimens were prepared by mixing the N-Viro soil 
with the leachate at the reported liquid content of 65%. Two 
tests were conducted at constant potential of 30 V applied 
across the electrodes for the 200-hr duration of treatment 
for each. The voltage gradient measured in the samples 
remained at approximately 0.3 V/cm. At the termination of 
each test, the soil was sampled at three points along its length 
and analyzed for moisture content, pH and NH

4

+ concentra-
tion distribution. Figure 2.17 shows the post-electrokinetic 
distribution of the measured concentration of NH

4
+ and the 

pH along the soil sample and the anode and cathode liquid 
chambers. Overall, the concentration of ammonia in the soil 
samples were reduced from about 150 mg/kg to less than 6 
mg/kg in both samples tested. 

The mass balance determination showed that for more 
than 50% of the ammonia was unaccounted. Larger 
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concentrations of ammonia were found in the anode cham-
ber in both tests, where pH was at 4. At this pH, the ammonia 
in the anode chamber would be in the form of ammonium 
ion. In the cathode chamber where the pH was well above 
9.3, the ammonium would readily convert to uncharged 
ammonia (NH

3
). The solubility of ammonia is fairly low in 

water (Henry’s constant, K
H
 = 57.6 mol/L.atm). Therefore 

the ammonia removed to the cathode could have converted 
to vapor phase and escape into the head space of the cham-
ber. Strong ammonia smell was detected when the trapped 
gasses were released at intervals from the cathode reservoir. 
The portion of ammonia that was collected in the anode 
chamber was due to colloidally enhanced transport whereby 
the positive ion NH

4
+ was expected to collect at the posi-

tive electrode by electro-migrating colloids (i.e., bacterial, 
organic or inorganic). The colloidal transport was observed 
visually as the anolyte clouded with suspended particles dur-
ing the treatment.  Charged colloids are known to strongly 
adsorb ions of opposite charge and enhance transport of 
these substances in porous media (Grolimund et al., 1996).

D. Simultaneous Extraction of Cyanide, CN- and Fluoride F- :
Spent pot-lining sludge from Columbia Falls Aluminum 

Company was tested to determine the efficacy of electroki-
netics in removing cyanide and fluoride metals prior to its 
disposal. The sludge contained 0.2% cyanide and 9% fluoride 
by mass, initially. At the end of the 7 days of electrokinetic 
treatment, about 8% of the cyanide and 2% of the fluoride 
by mass was removed from 118 g of a sample of the sludge. 
In these tests 15V of constant potential was applied across 
the electrodes, and the anolyte and catholyte solutions were 
replenished with fresh solutions at 29 hrs of this constant 
potential. As shown in figure 2.18, the electrical potential 
measured within the sample was small and changed with 
current when the electrolytes in the electrode chambers 
were replaced with fresh ones. The current remained high 
in the range of 15-20 mA in the first stage and dropped to 
about 7 mA in the second stage. The removal of metals over 
time, as shown in figure 2.19, demonstrated that preferen-
tial removal of CN- towards anode was prevalent, as the Fl- 
transport picked up only after the 4th day against the control 
value of diffusion to the cathode. 
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E. Hexavalent Chromium, Cr(IV) Extraction: 
An example of the influence of diffuse double layer reac-

tions can be observed with hexavalent chromium, in Cr(VI) 
treatment using electrokinetics.  The Cr(VI), which is often 
found in  anionic species of Cr

2
O

4
-, is readily mobile in soil 

pore fluid but may not be readily extracted under an elec-
trical gradient. Figure 2.20 shows typical results of electro-
kinetic extraction of Cr(VI) from a sample of  hexavalent 
chromium contaminated site in Eastern Pennsylvania 
(Pamukcu and Wittle, 1999 - EPA SITE Demonstration 
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Program at the Aladdin Plating Site in Chinchilla, Pa). The 
soil sample was characterized as silty clay. As observed, less 
than 20 % of the total Cr was removed to the anode cham-
ber, and very little to cathode chamber over 30 days despite 
the continuing electric field  imparted at constant current of 
up to 1 mA. Figure 2.21 shows that the cumulative concen-
tration increase over the treatment time flattens with each 
increase in applied current, unlike the previously observed 
direct correlation between current and removal efficiency. 

Figure 2.20 Variation of cumulative mass of Cr in anode chamber with EK treatment 

using constant current (Test I) and (Test II) tests of Aladdin Chrome Plating site soil 

(Weeks et al., 2001)
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This result is attributable to tendency of the ensuing electro-
chemical reactions that reduce Cr(VI) to Cr(III), which sub-
sequently is adsorbed onto the clay surfaces and no longer 
available for transport. 

F. Sulfate, SO4-2, Nitrate, NO3-, and Chloride, Cl- extraction 
from cationic/anionic soils: 

Simultaneous extraction of multiple anionic compounds 
introduced as lead salts was tested in anionic (positive sur-
face charge) and cationic (negative surface charge) clayey 
soils. Mixed with medium sand, the clay substrates were 
predominantly kaolinite (cationic – PZC: 2-4.6) and gibbsite 
(anionic – PZC:10). The test specimens were prepared by 
spiking with Pb(SO

4
); Pb(NO

3
)

2
, and PbCl

2
 salt solutions 

at their respective solubility limits. Electrokinetic tests were 
conducted over 24 hours, at the end of which the distribu-
tions of the anions were measured in the electrode cham-
ber solutions and across the soil specimens at five points. 
Figure 2.22 shows this distribution for the three anions in 
two different clay types. As observed, the extraction appears 
to be influenced both by the anion and the type of sub-
strate. The anions of the soluble salts were extracted into 
the anode more effectively that the less soluble ones. The 
cationic soil appeared to release the anions more effectively 
than the anionic soil, as the anions would have higher affin-
ity to the clay surface in the latter case. Figure 2.23 shows the 
mass fraction of anions extracted to anode per Coulomb of 
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electricity used. As expected, a linear trend prevails between 
the extracted mass and the quantity of electricity required. 
The anionic soil appears to display slightly higher efficiency 
in energy requirement than the cationic soils for extraction 
of anions. This is in line with the assumption that the anionic 
soils will generate electroosmotic flow in the same direction 
as the anion migration hence will be enhanced for the same 
quantity of electricity when compared to that of the cationic 
soil case.

G. Electrokinetic Extraction of Contaminants from Unsaturated 
Soils:

The application of electrokinetics in the vadose zone has 
been demonstrated by numerous studies in the past, most 
notably by Mattson and co-workers (Mattson et al., 2002) 
and by Banarjee and co-workers (Banerjee et al., 1987). 
Unsaturated soils pose little difficulty when the electroki-
netic transport occurs by ion migration mostly. The mobile 
ions residing in the liquid phase move to the respective 
electrodes, provided that there is continuity of the liquid 
phase over the diffuse layer interfaces. Since in most elec-
trokinetic treatment schemes, clean water is supplied at the 
anode, the ionic constituents are eventually provided with 
adequate solution water to migrate in during the course of 
a treatment. The negative pore pressures that might gener-
ate in front or behind the water flux should have little effect 
on the electromigration of these charged species. This phe-
nomenon is illustrated in the laboratory where kaolinite clay 
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contaminated with strontium and sodium show similar rates 
of transport per pore volume of liquid  despite the different 
degrees of initial water saturation of the clay, as shown in 
Figure 2.24 (also see Fig. 2.13 and 2.14). In all three cases, 
majority of the contaminant is extracted into the cathode 
before the water advances one full pore distance between 
the anode and the cathode. However, the same may not 
hold true for situations where electroosmotic advection is 
the dominant mechanism of transport, as for non-aqueous 
phase liquids.  In those circumstances, continuous supply 
of water at the influent electrode (anode-for cationic soils, 
or soils with pH above PZC point; and cathode for anionic 
soils, or soils with pH below PZC point) is expected to pro-
gressively provide sufficient water concentration in the pores 
for the NAPLs to partition away from the solid surface. 

H. Electrokinetic Extraction of Contaminants from Saturated 
Soils:

Table 2.1 summarizes average metal concentration reduc-
tion (in percentage) in three replicate specimens of fully 
saturated synthetic soils after 24 to 48 hours of EK treatment 
of four selected heavy metals (Pamukcu and Wittle, 1993). 
The measurements provided in the Table were taken at the 
location of lowest concentration measurement along the 
specimens, as observed in the spatial distribution of stron-
tium in Figure 2.25.  Also shown in Table 1 is the average 
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cumulative fraction of pore volume of water flow toward 
the cathode electrode compartment during each treatment. 
The variations in the concentration reduction percentages 
appear to have little or no correlation with the volume of 
flow achieved during treatment, but depend on the soil 
matrix and the metal type mostly. For the cationic species 

Table 2.1 Average Percent Reduction of Metal Concentration and Pore Volume 

Fraction of Water Transported Toward Cathode Chamber (Pamukcu and Wittle, 

1993)

Soil*

Type

KS KH KG MS SS

Metal %  

Rem*

PV* % 

Rem

PV % 

Rem

PV % 

Rem

PV % 

Rem

PV

Cr 93 0.18 97 0.15 95 0.23 95 0.12 97 0.12

Cs 72 0.65 74 0.30 77 0.64 55 0.96 89 0.30

Sr 98 0.41 96 0.88 99 0.44 92 0.53 99 0.63

U 79 0.35 70 0.69 85 0.25 44 0.77 33 0.64

*% Rem: percent removal at lowest concentration point 

*PV: Pore volume of water to cathode 

*KS:Kaolinite; KH:Kaolinite with humic substances; KG: Kaolinite with groundwater 

salts; MS: Montmorillonite; SS = Clayey sand with 10% kaolinite
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(Cs, Sr, UO
2
) the fraction of pore volume of flow ranged 

between 0.25 to nearly 1.00. The flow for the anionic form of 
Cr (Cr

2
O

7
=), was consistently lower than that of the cationic 

species. This is potentially due to the water dragging action 
of the hydrated anions as they migrate in the opposite direc-
tion of the net flow toward cathode.

Although significant removal of metal into the liquid 
phase was achieved in most cases, a clear trend of metal accu-
mulation was observed at the discharge locations (cathode 
end for cations; anode end for anions) in all soil specimens. 
The accumulation of the metal is due to several conditions. 
One condition deduced from the experiments is that the 
time rate of migration of the metal reduces significantly as it 
approaches to the discharge end. This reduction is triggered 
by: (i) concentration increase, (ii) precipitation of the met-
als, and (iii) increased retention capacity of the soil at the 
discharge ends due to the local pH levels. As the concentra-
tion of a particular ion increase near the discharge chamber 
(anode or cathode), the mobilities of the ions or the micelles 
decrease (Kohlrausch law). A slight reduction of the con-
taminant mobility may trigger a progressive concentration 
build up at that location if the discharge is inhibited by other 
mechanisms simultaneously. These mechanisms come about 
by the variation of soil pH from anode to the cathode end. 

All the metals, both anionic and cationic, accumulated at 
their discharge locations creating zones of high concentra-
tions of metal (sometimes over that of the original). These 
zones are often narrow residing at the interface between the 
soil and the electrode chamber, which is analogous of depo-
sition of the metal on an electrode as if it was in contact with 
soil.  In the case of cations, the production of hydroxide in 
the cathode chamber is one of the major causes of the phe-
nomena. As the hydroxide ions (OH-) migrate into the soil 
from the catholyte, they create a high pH zone in the soil 
before they can encounter the oncoming hydronium ions 
(H+) and be neutralized. This zone may lessen in thickness 
as the acid front penetrates deeper toward the cathode side 
of the soil (Hamed et al., 1991). Subsequently, the high pH 
generated at the electrode site solution and the lower pH 
at the soil-water interface can create a large pH gradient 
across this interface, inhibiting the discharge of the metals. 
Another effect of high pH is on the adsorption capacity of 
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the clay soils. Hydroxide ions are potential makers, which 
subsequently cause the cation adsorption capacity of the soil 
to increase. Therefore, at high pH the surface potential will 
increase, leading to thicker diffuse layers and increased sur-
face conductivity. Since, the bulk liquid conductivity would 
be reduced with precipitation, the combined effect should 
signal increased electroosmotic water transport and current 
efficiency. This suggests that with extended duration of treat-
ment, the accumulated metal may eventually be transported 
into the electrode chamber by the steady but slower action of 
electroosmotic advection.

Figure 2.26 shows the variation of zeta potential with pH 
for two clay-electrolyte systems of high ionic concentration. 
As observed, the PZC of either the Sr or Pb spiked kaolin-
ite clay lie at about 4 pH units. The potential increases in 
negative values, then reverses at high pH. The changing zeta 
potential trends can also explain the interfacial accumula-
tion of some compounds in response to reversed EO flow 
regimes. A typical example of post-EK metal accumulation 
near the soil-water interface at cathode side is displayed in 
Figure 2.27 for lead in various clay soils.

I. Extraction of VOCs, PAHs and organic acids:
The application of electrokinetic phenomena to the trans-

port of NAPL pollutants has not been widely investigated. 
Bruell et al., (1992) showed transport TCE and several gaso-
line hydrocarbons by electroosmosis, assuming a constant 
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rate of electroosmotic flux. Acar et al., (1992) showed that 
transport of phenol is possible by both electroosmosis and 
electromigration, owing to the amphoteric nature of the 
compound. Field experiments by Ho et al., (1995) showed 
that the dissolved fraction of TCE can be transported by 
electroosmosis.

Pamukcu (1994) showed that PAH compounds with 
higher water solubility and lower molecular weight (i.e., 
naphthalene) in coal tar contaminated soils could be trans-
ported by electroosmosis without the aid of surface tension 
reducing agents. In these tests, extraction of coal tar PAHs, 
which included : naphthalene, acenaphthylene, acenaphthene,  
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 
chrysene, benz(a)anthracene, benzo(b)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, dibenzo(a,h)anthracene, 
benzo(g,h,i)perylene, and indeno(1,2,3-c,d)pyrene were dem-
onstrated using EK process. Figure 2.28 displays the post-
process distribution of the normalized mass of total PAHs 
in the coal tar contaminated soil specimens retrieved from a 
manufactured gas plant (MGP) site in Champaign-Urbana, 
Illinois. As observed, the electroosmotic advection trans-
ported and accumulated the PAH mass in soil near the cath-
ode interface. Use of an anionic surfactant (sodium dodecyl 
sulfate (SDS)) with or without a co-surfactant (butanol) 
appeared to reduce the PAH mass in the soil significantly, 
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transporting the contaminants into the electrode chambers, 
mainly to the anode.

Pamukcu and Pervizpour (1998b), through well-con-
trolled experiments, demonstrated the EK aided transport 
of TCE (trichloroethylene) in contaminated soil samples 
from Lawrence Livermore DOE Complex site in California. 
Soil cores were injected with TCE using groundwater col-
lected from the site and spiked with TCE below its solubility 
limit. The injection of TCE into the soil was accomplished 
using only electroosmotically aided transport of the solution 
from the anode (influent) to the cathode (effluent) cham-
ber of the test cell. Figure 2.29 shows the trace and break-
through of TCE in the cathode, while the concentration of 
TCE in anode was kept constant under its solubility limit. 
The breakthrough at the cathode occurred at approximately 
1.5 pore volumes of flow. The hydraulic conductivity and the 
electrosmotic conductivity of the soil specimen were mea-
sured as k

h
=10-8 cm/sec and k

eo
= 2x10-6 cm2/sec.V, respec-

tively. The equivalent hydraulic conductivity, k
eh

 under EO 
attained an average value of 5x10-6 cm/sec, producing steady 
flux of TCE into the cathode chamber. The tracer curve is 
indicative of a solute that undergoes partitioning between 
the solid and the liquid phase, therefore retardation of TCE 
on the solid phase was expected.  Nevertheless, these results 

Figure 2.28 Post-EK distribution of the normalized concentration of total PAHs in coal 

tar contaminated specimens from an MGP site in Illinois (Pamukcu, 1994)
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show clearly that the dissolved fraction of a chlorinated 
hydrocarbon could be transported by EO.

Potassium formate (potassium salt of formic acid), an 
organic acid used as a drilling fluid additive, was treated using 
EK. The goal of this treatment was to reduce the potassium 
content of the mixture by separating the potassium from its 
anion component (i.e., formic acid) for recycling. Two types 
of tests, with single and double cell configurations and vari-
able electric potential applications were developed to assess 
the efficacy of EK. Figure 2.30 shows the conceptual scheme 
of the proposed separation and the photographs of the test 

Double Cell

Single Cell

+K+X–

K+X–+X–

K+–

Figure 2.30 Single and double cell EK test configurations and photos of the test cells for 

extracting  K+ from drilling mud 

Figure 2.29 The cumulative mass transport of TCE from anode to cathode electrode 

chamber by EO in soil samples from LLNL DOE Complex site (Pamukcu and Pervizpour, 

1998b).
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cells. In the double cell configuration, 5% potassium for-
mate solution was placed in the center, anode and cathode 
liquid chambers whereby the potassium and the formic acid 
components were expected to filter through the soil into the 
oppositely charged electrode chambers. In the single cell 
configuration, 5% potassium formate solution was placed 
only in the anode electrode chamber and potassium was 
expected to filter through the soil into the cathode electrode 
chamber. The results of these tests are presented in figures 
2.31 and 2.32. In both tests, the potassium concentration 
increased at the cathode and decreased in the anode and the 

Figure 2.31 Evolution of potassium and concentrations in the electrode sites and center  

in double cell EK test 
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center cell compartment. The concentration of the formic 
acid decreased in the anode chamber pursuant to migration 
of some of the compound into the soil as well.  Lab study 
confirmed that infield recycling of potassium from drilling 
fluid is possible by filtering it through soil using EK.

2.3.2 Electrokinetially-Aided Stabilization and Immobilization

In environmental restoration, stabilization is defined as fixing the toxic 
substance in place thereby rendering it less likely to move elsewhere under 
the ambient hydrogeological conditions. In the subsurface, stabilization of 
a toxic substance can be accomplished by delivering an appropriate oxidiz-
ing or reducing agent that subsequently will: (i) degrade the contaminant; 
or  (ii) change it to a non-toxic or immobile species; or (iii) enhance sta-
ble sorption and incorporation of the contaminant into the clay minerals. 
Zero-valent iron enhanced degradation of TCE (Ho et al., 1995), and Fe(II) 
degradation of toxic Cr(VI) to less toxic and less mobile Cr(III) are exam-
ples of such processes (Haran et al., 1995; Pamukcu et al., 1997; Pamukcu 
et al., 2008; Gomes et al., 2012; 2013a; 2013b).

The metals that could be altered in such a manner are  those that are least 
likely to be extracted by electrokinetic treatment. Owing to their  complex 
electrochemistry, metals such as Cr, As, Hg are possible  candidates for 
electrokinetic containment. A good example of electrochemical stabili-
zation may be the relatively well studied reduction of Cr(VI) to Cr(III), 
by delivering iron (Fe(0), Fe(II), or Fe(III)) with co-reagents in  aqueous 
environments (Powell, et al., 1995; Anderson et al., 1994; Eary and Rai, 
1991). Chromium exists in two possible oxidation states in soils: the triva-
lent Cr(III) and the hexavalent Cr(VI) chromium. At low pH  conditions 
(2 to 6.5) the predominant form of the hexavalent chromium is  chromate 
or dichromate ion. Due to their negative charge they are not readily 
adsorbed or exchanged at clay surfaces, therefore remain in soil pore water 
and can be readily transported. At sufficiently low pH, the soil surface 
may become positively charged and tend to retain and accumulate these 
anions. Therefore complete removal may not be achieved unless precise 
control of pH is maintained at the anode during an electrokinetic process. 
As  discussed previously, Figure 2.20 shows a good example where only a 
small mass of Cr is removed with increasing duration of treatment and 
applied current.

Hexavalent chromium can be reduced to Cr(III) under normal soil and 
pH conditions, for which soil organic matter acts as the electron donor (Rai  
et al., 1987). Bartlett (1991) reported that in natural soils, this reduction 
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may be extremely slow, requiring years. In subsurface soils where there is 
less organic matter, the Fe(II) containing minerals reduce Cr(VI) at pH 
less than 5 (Eary and Rai, 1991). Electrochemically injected Fe(II) into a 
matrix of soil containing hexavalent chromium should facilitate the reduc-
tion of Cr(VI) since electrochemical process produces low pH conditions. 
The delivery of Fe(II)  has also been shown to enhance the formation of a 
chromium-iron hydroxide solid solution [(Cr

x
Fe

1-x
)(OH)

3
(ss)] which has 

a low equilibrium solution activity then pure solid phases (Powell, et al., 
1995). Figure 2.33 shows the formation of chromium-iron oxide hydrox-
ide solutions when Fe(II) was delivered electrokinetically into Cr contami-
nated soil where the original form of chromium was Cr(IV). As observed, 
most of the post-EK form of Cr coincided with the solid solution distribu-
tion where the Cr is transformed into non-aqueous Cr(III). Figure 2.34 
confirms the post EK abundance of Cr(III) per redox-pH measurements 
shown on Pourbaix diagram. These results confirm that the electrokineti-
cally delivered Fe(II) had successfully transformed and arrested the Cr in 
soil where it is no longer available for leaching out into the groundwater 
environment, hence stabilized. 

As previously discussed, Faradaic reactions may take place on clay parti-
cle surfaces when current pass in the pathways of the diffuse double layers. 
These reactions can aid in electrically enhanced stabilization and or immo-
bilization of certain contaminants. Hence, external supply of electrical 
energy can help drive favorable oxidation-reduction reactions on contami-
nated clay surfaces where most of the contaminants tend to reside because 
of adsorption or exchange.  Controlled laboratory experiments of kaolinite 
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clay injected with Fe(II) showed that an externally applied electric field 
caused an additional “cathodic current” that  drove forth the reduction of 
Cr(VI) in clay  (Pamukcu et al., 2004). The results in these experiments 
showed that the system ORP (oxidation-reduction potential) increased by 
a positive shift from the standard solution ORP in the presence of the clay 
and the induced electrical field, as was shown earlier in Figure 2.12.

More evidence for electrokinetically assisted surface  transformations in 
kaolinite clay was found when a clean specimen of the clay was  permeated 
with polymer coated dispersed nano-iron particles of positive surface 
charge (Sun et al., 2006) under an electrical gradient of 0.1 V/cm (Pamukcu 
et al., 2008). When there is no large concentration of a dominant ion in 
the clay matrix (i.e. contaminating heavy metals), the primary electron 
 receptors are water and residual dissolved oxygen. Hence, the chemical 
reactions, which oxidize the nano-iron are:

 Fe s H O aq Fe aq H g OH aq0

2

2

22 2( ) ( ) ( ) ( ) ( )+ → + ++ −  (2.13)

 2 4 2 20

2

2

2Fe s H aq O aq Fe aq H O l( ) ( ) ( ) ( ) ( )+ + → ++ +  (2.14)

Equation 2.13 is the dominant redox process in presence of overwhelm-
ing concentration of water as the solvent. As hydrogen ions are utilized in 
Equation 2.14, the pH would increase at corrosion locations resulting in 
simultaneous decline in the solution ORP. The transient ORP measured 
across a 20cm long, 2 mm thick bed of clay (see Figure 2.11) injected 
with nanoiron (nZVI) using EK, are presented in Figure 2.35. The ORP 

Figure 2.34 Post-EK distribution of Cr species in soil depicted on Pourbaix diagram 

(Weeks and Pamukcu, 2001) 
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variations for control tests of diffusion and electrokinetics without the 
nano-iron are also presented. In these tests, the nZVI granules were placed 
in the clay inside a transverse groove at about 8 cm from the anode end of 
the clay bed and the tests were run under oxygen poor conditions using 
5V across the working electrodes. As observed, the ORP reduced across 
clay bed for the first 15 hours of transport and increased to above the origi-
nal values during the rest of the transport period. The ORP for the diffu-
sion only case remained mostly unchanged, and the EK only case showed 
the typical pH dependent ORP variation expected with EK. Based on the 
water chemistry of nano-iron (Sun et al., 2006), if the only contributor to 
the ORP was nano-iron, the change in the ORP of the system would be 
expected to vary within 50 mV between the pH units of 6.0 to 6.5. The ORP 
changes for the diffusion tests did remain between +50 and –50 mV, over 
the 48-hour duration without the electric field application. The EK assisted 
transport of nZVI, on the other hand, displayed larger changes in ORP 
across the clay bed indicating a synergistic effect of EK and nZVI activa-
tion within the first 15 hours of the process. The longer term ORP changes 
showed the contribution of clay surface interactions with Fe(II) and Fe(III) 
in presence of electrical potential as the ORP elevated over background 
values at the average low pH value of 3.
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The ORP versus pH obtained from earlier experiments of similar con-
figuration as above (Pamukcu et al., 2008) are plotted in Figure 2.36. The 
diagram depicts approximate regions of corrosion, passivity and immunity 
for iron (Davis, 2000). The cluster of data that fell within the immunity 
zone corresponded to the first 6 hours of electrokinetic transport where 
the ORP at the cathode end was below –1.0V. This indicated that the nano-
iron particles had already been transported to the cathode side of the clay 
bed by the end of 6 hours of treatment or earlier. The evidence that cor-
roborated with the visual observations of color change in clay (i.e., indica-
tive of oxidation of iron) was the cluster of data that fell within the passivity 
zone. This data corresponded to measurements made later, from 6 to 46 
hours. By the end of 46 hours, the corrosion products with higher ORP 
appeared at the cathode end of the clay bed, as was evidenced by the brown 
tone color change in that region of the test bed.

The average voltage distributions across the clay bed with and with-
out nZVI are plotted in Figure 2.37 (Pamukcu et al., 2008). As observed, 
while the EK only test displayed a constant electrical gradient of 0.12 V/cm 
(i.e., equation of the linearly fit line) for the 48-hour duration of the test, 
the electrical gradient fluctuated between adjacent auxiliary electrodes 
inserted in soil bed for the nZVI case. The magnitude of these oscillations 
ceased attaining a constant profile in time. Variation of the electric gradi-
ent influences the velocity of the migrating particles from one station to 
the next, causing accumulation in some locations and evacuation in oth-
ers. Theoretically, the particle velocity is expected to decrease at regions of 
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low electrical fields, causing accumulation and higher charge density; but 
pick up at regions of higher electric field, hence dilution and low charge 
density. This process is likely to have a progressive nature that would allow 
for self-correction by diffusion and Faradic currents to maintain the elec-
trical neutrality. Such a process could also result in the wave shape of the 
voltage distribution to remain stationary with only the magnitudes of the 
peaks changing. For example, if initially an accumulation were triggered 
by a physical obstruction (i.e. agglomeration of the particles in small clay 
pore-throats), voltage gradient at that locale would increase because of the 
reduced conduction. The increased charge density would lead to surface 
capacitance and Faradaic reactions at the location. At the same time, the 
increased voltage gradient would promote the particles to move and vacate 
the location, subsequently causing a drop in charge density, and reversal 
of the surface reactions. It is difficult to capture such potential dynamics 
through sporadic voltage and ORP measurements in a typical electroki-
netic transport testing in clay. Nevertheless, based on the data collected 
and evaluated, the empirical evidence appears to support that presence of 
clay and ensuing surface interactions enhance the ORP under direct cur-
rent electrical field.

The oscillating voltage gradients at high electrolyte concentration envi-
ronments were observed again in a large-scale test designed to mimic poten-
tial application of electrically assisted dewatering of sea-harbor sediments 
(Muraoka et al., 2011). The model experiment simulated parallel vertical 
electrodes that can be installed throughout the depth of unconsolidated 
sediments allowing accelerated drainage laterally. Commercial kaolinite 

Figure 2.37 pH-ORP (Eh) variation of clay with and w/o nano-iron in electrokinetic 

transport  (Pamukcu et al., 2008)
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clay was used to mix a slurry at 35:65 solid:water ratio by mass. The mix-
ing water and the electrode chamber waters were made up of 30,000 ppm 
electrolyte solution of instant ocean sea salt. Constant voltage, adjusted 
between 3.5V and 3.0V was applied across the electrodes to maintain a 
direct electric current of about 100mA. The clay slurry and the electrode 
chamber waters were filled up to 40 cm from the bottom of the tank. The 
water levels in the electrolyte chambers were maintained at the mud line to 
alleviate any change in hydraulic potential. Five water pressure head (piezo-
tubes) and voltage (auxiliary electrodes) measurement probes were placed 
inside the clay slurry. The electrical gradients and the pore water pressures 
were measured across the dewatering/settling clay at time intervals.

The long-term experimental results (~ 7 days) showed that the settle-
ment or the dewatering of clay slurry was hindered due to spatially non-
linear and temporally oscillatory voltage gradients, which give way to 
non-uniform distribution of stagnant pore water pressures within the clay 
slurry. These results are presented in Figures 2.38 and 2.39 for randomly 
selected time steps of the voltage gradient and pore-water pressure mea-
surements, respectively.  The significance of these observations is that the 
local voltage gradients appear to have direct influence on the development 
of local pressure gradients within the electro-osmotic flow region of a high 
salt content medium. Fluctuating pore water pressures induce competing 
flow regimes resulting in stagnant pore pressures that can impede electro-
osmotic mass transport. In Figure 2.38 the voltage gradient distribution 
between adjacent probe locations shows clearly zones of high and low gra-
dients, above and below the self-manifesting threshold value of 0.015 V/
cm. In final analysis, the nonlinear and oscillatory voltage gradients were 
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attributed to streaming potential and migrating fronts of ions in the high 
salinity environment. The resistance to pore water pressure dissipation was 
attributed to compression and polarization of particle DDL in the direc-
tion of the electric field. The combined consequence of these phenomena is 
the competing pressure gradients that keep the clay particles from settling 
and dewatering (Muraoka et al., 2011). 

2.3.3 Electrokinetially-Aided Containment

Containment in this publication is defined as causing controlled accu-
mulation of a toxic substance by sorption in a small volume of substrate 
(i.e., permeable barrier), which can be flushed and regenerated for further 
use. Electrokinetic containment may be accomplished by causing electro-
migration or electroosmotic transport of the contaminants to a reactive 
permeable barrier (Rael et al., 1995; Blowes et al., 1995), strategically sit-
uated between the electrodes, where they are attenuated and the filtered 
water is allowed to pass through (Hansen, 1995; Weeks and Pamukcu, 
1996). In actual field applications, such permeable structures could be 
installed in multiples at various configurations throughout a contaminated 
site serving as primary and secondary treatment locations. 

Pre-contaminated kaolinite samples with lead, Pb(II) (from Pb(NO
3
)

2 

salt)
 
were tested to determine the effectiveness of using permeable reactive 

caps to contain heavy metals adjacent to the electrode chambers. The reac-
tive permeable caps (GS caps) were comprised of 50% glauconite (green 
sand), 30% zeolite, and 20 % bentonite clay by mass. The average particle 

Figure 2.39 Spatial and temporal distribution of normalized pore water pressure (PWP) 

between adjacent probes at select times during EK (Muraoka et al., 2011)
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size of green sand and zeolite was on the order of medium to fine sand. 
Bentonite was added to enhance the bonding of the matrix. The final water 
content of the cap mixture was 37.5%, and of the contaminated soil was 
60% with initial Pb(II) concentration of 5000 ppm. A constant voltage of 
15 volts was applied to all the test samples. The tests were terminated when 
the current readings diminished to a constant low value.

Figures 2.40 and 2.41 show the average pre- and post-EK mass frac-
tion distributions of Pb(II) in the soil and the electrode chambers with 
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and without the GS caps, respectively. The sample containing the GS caps 
showed larger concentrations of Pb(II) accumulated in the caps, and 
very little of the element passed into the electrode chambers. Overall, the 
results showed that in samples tested without the GS caps more of the 
Pb(II) remained in the soil; while, the samples containing the caps showed 
lesser concentrations of Pb(II) in the soil with larger concentrations in the 
areas of the GS caps for the same duration of electrokinetic treatment. The 
larger removal of the lead into the GS caps, particularly on the cathode 
side is attributed to continued flow of higher current and electro-osmotic 
advection, whereas precipitation of lead at the cathode interface of the soil 
without the caps inhibited the current and electro-osmotic flow hinder-
ing the Pb(II) transport overall. Indeed, the steady low current measured 
with caps was 3 times larger than the one without the caps. The sorptive 
capacity of the cathode cap would have kept the Pb(II) and its hydroxide 
precipitates on the solid surfaces without causing blockage in the porous 
matrix. These results indicate that application of site and contaminant 
specific containment packs can work synergistically with EK remediation 
when the goal is to collect the contaminant in a small volume of substrate 
from where it can be recovered, while regenerating the substrate for fur-
ther use.

2.4  Transport and Extraction of Crude Oil 

2.4.1 Laboratory Evidence of Oil Extraction

Chilingar and co-workers investigated the use of electrokinetics to 
augment reservoir energy during petroleum production (Amba et al. 
1964,1965; Chilingar et al., 1968a,b). They found that application of direct 
electric current resulted in several fold increase in the flow rate of oil and 
water (i.,e., as much as 34 fold) in both synthetic and natural sandstone 
cores. Synthetic cores were prepared using various percentages of different 
types of clay admixed with 200 mesh size silica or CaCO

3
 powder. Also, it 

was found that the effective permeability to kerosene of core samples con-
taining connate water (i.e., entrapped water in the pores when the rocks 
were formed) was increased by 50 percent on temporary application of 
direct potential gradient.

Successful field pilot tests have been reported on the application of EEOR 
(Electrically Enhanced Oil Recovery) in heavy oil fields in the Santa Maria 
(California) basin and the Eastern Alberta Plains (Wittle et al., 2007, 2008). 
In these pilot tests, the EEOR was found to be more efficient than other 
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conventional heavy oil recovery methods including steam flood or cyclic 
stream flood. Also, these field pilot studies demonstrated the capability of 
EEOR in cracking heavy oil in-situ, reducing water cut and increasing oil 
production rates. The field tests in California demonstrated up to a ten fold 
increase in the oil production from a field containing 8˚ API gravity oil. 

Haroun and coworkers (Haroun et al., 2009) reported the results of 
DC electric field application, concurrently with water-flood recovery 
in mobilizing the connate water and the trapped oil through core-flood 
studies. In the first set of experiments, DC was applied after ultimate 
water-flood recovery and in the second set of experiments the DC was 
applied on oil saturated core plugs concurrently with water flood from 
the beginning of the test. Comparison of the two processes revealed that 
application of DC concurrently with water flooding at the beginning of 
the process recovered approximately 1.5–4% more oil and reduced water 
requirement by 15–22% in comparison with the water flooding process 
alone (Alshalabi et al., 2012; Haroun et al., 2009). However, application 
of DC on a completely water swept core was found to recover 3-9 % 
additional oil. Also, on repeat application of DC, up to 30% increase in 
permeability of cores was reported which was attributed to clay dislodge-
ment due to electrophoresis mechanism involved in EEOR. Jihong and 
coworkers (Jihong et al., 2009) reported that application of DC concur-
rently with water flooding on core samples containing oil with viscosity 
of 8 MPa.s, increased the oil recovery rate by more than 5%. Also, the 
apparent viscosity of the oil was found to decrease as the electric field 
strength was increased.

The authors (Ghazanfari et al. 2012, 2013b) conducted a series of labo-
ratory experiments on oil-bearing rock core specimens retrieved from a 
shallow oil formation in Kentucky to investigate the oil extractability and 
change in the rock-core permeability under applied electric field. The 
physical properties of the three core specimens (diameter: 36mm; length: 
82 mm) are given in Table 2.2. The physical properties of the natural oil in 
the rock cores and the brine solution used in the experiments as the sur-
rogate formation water are given in Table 2.3. Acurrent density of 1Amp/
m2 was applied to the cores in accordance with the achievable current den-
sities of 1.0-1.5 Amp/m2 in practical applications in the field.. The total 
flow generated in each phase (oil and water) was measured periodically for 
120 hours. The oil separation and analysis were conducted using standard 
techniques.

As observed in Table 2.2, most of the oil recovered was produced at the 
catholyte, while the oil recovered at the anolyte was negligible. The total oil 
recovered was in the range of 5 to 11% by mass of the initial oil content in 
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the cores. The oil recovery results suggest a direct relation between the ini-
tial oil content of the formation and the measured oil recovery. Modeling 
studies on two-phase EO flow revealed that the drag force exerted by the 
mobile water phase on the oil phase increases with water saturation of the 
pore up to about 50%. The oil production decrease when water saturation 
is above 50% and oil saturation drops below 50% (Ghazanfari et al. 2013b). 
The higher recovery of oil with higher initial oil/water ratio is attributed to 
the availability of more oil.

In a separate set of experiments, sandstone core specimens retrieved 
from a deep oil formation in Pennsylvania were used in the experiments 
to assess oil recovery, permeability change, and effect of the magnitude 
of current density on oil extraction. Unlike the Kentucky cores discussed 
above, the Pennsylvania cores had very low initial oil content. In order to 
better control the oil and water saturation, these cores were impregnated 
with Pennsylvania oil (API 47; Dynamic viscosity = 38.7 cP) and surrogate 
formation water (i.e., with the same properties as presented in Tables 2.2) 
prior to testing. First, the cores were dried and vacuumed. Then, oil and 
water were injected into the cores using a high-pressure injection pump 
(Quizix Pump) to attain the desired initial oil-water saturations. Once sat-
urated, the cores were tested under a constant current density of 1 Amp/m2 

for 130 hours. The physical properties of the four Pennsylvania cores used 
in these experiments are given in Table 2.4.

As presented in table 2.4, most of the oil was produced at the catholyte 
and the oil recovered at the anolyte was negligible. The total oil recovered 
was in the range of 0.5 to 6% by mass of the initial oil content of the cores. 
Similar to the Kentucky cores, the highest oil recovery corresponded to 
core PA3, which had the highest initial oil content and highest hydraulic 
permeability.

Table 2.3 Physical properties of the formation oil and surrogate water (Kentucky 

field)

Fluid Properties

Natural formation 

oil 

API 22; Dynamic viscosity = 66.5 cP

Specific gravity =0.92 at 20°C

Electrolyte 

solution

(Surrogate forma-

tion water)

Salinity= 33,000 ppm; Electrical conductivity = 45,000 μS

 pH = 7.50; Major elements: Na, Cl, Mg, S, K, Ca, Br 
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2.4.2 Field Evidence of Oil Extraction

A field  application case in the Pennsylvania field was monitored over 
time to investigate the effectiveness of electrically enhanced oil recovery 
accompanied by water flooding (i.e., water pressure). The cumulative oil 
and water production was monitored at one of the production wells for 
180 days. During this time, some amount of paraffin was observed to pro-
duce in the well also. The oil, water, and paraffin production over time 
are plotted in Figure 2.42. The oil production was about 5% of the water 
production and the paraffin production was about 4% of oil production by 
volume.

The oil production decreased with time in general, yet there was no 
immediate break in oil production when the power was terminated, 
reversed or re-applied. This is attributed to the build-up of seepage and 
suction pressures with electro-osmosis, which would require time to dis-
sipate in low permeability formations before the flow regime change or 
subside (Muraoka et al., 2011). Figure 2.43 shows the oil and paraffin pro-
duction over time. As observed, the paraffin production increased with 
power and elevated temperature. When the power was turned off the par-
affin production ceased. It is plausible that as pH, ionic concentration and 
dissolved minerals (e.g., calcite) increase at the production well (cathode), 
it created the ideal conditions for excess oil to transform to paraffin. A sim-
ilar phenomenon was observed in lab experiments of core rock samples 
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with Pennsylvania oil where white -colored foam like material was formed 
in the catholyte, identified as paraffin.

Examining the daily production data, it was determined that when the 
applied current was reversed, the production of paraffin decreased. This 
is attributable to the counter current flow resulting in decreased oil pro-
duction and lowering of the pH at the well.  Lower pH and less oil avail-
able at the location would potentially reverse the paraffin production. The 
increase in paraffin production corresponded to the periods of elevated 
temperature due to sustained power over long term (~ at 100 days), or 
when the maximum power of 29 kW was applied (~ at 150 days). As 
observed from Figure 2.43, at times of increased paraffin production, the 
oil production decreased or completely ceased. Among some of the plau-
sible reasons for this exchange are: the easier transport of existing paraffin 
in the pore space at elevated temperatures, and the increased availability 
of oil and mineral components to form paraffin under elevated tempera-
ture and power.

2.4.3 Laboratory Evidence of Oil Transformation

The electrochemical reactions result in reduction of the interfacial ten-
sion between the formation water and crude oil, as well as reduction in 
the viscosity of the crude oil. It is postulated that both phenomena eventu-
ally lead to increased oil mobility and serve to enhance the oil recovery 
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under applied DCelectric field. The primary mechanism of interfacial ten-
sion reduction under applied electric field is reported as the reaction of 
electrolysis products of brine/formation water (hydroxyl ions, OH-) on the 
acid impurities of oil (carboxylic acids) (Fleureau and Dupeyart, 1988). 
This results in formation and accumulation of low solubility surface-active 
carboxylates analogous to that of directly adding a surfactant to reduce 
the interfacial tension (Sato et al., 1998). The amount of interfacial tension 
reduction is reported to be proportional to the applied potential (Tao and 
Xu, 2006).

Interactions between the pore fluids and the solids, which are normally 
affected by the ambient pH and redox conditions, will be enhanced upon 
application of DC electric field. These electrochemically enhanced reac-
tions help oil transformation by cracking the heavy molecular structure 
of crude oil into its lighter components with lower viscosity (Wittle at al., 
2007). As a result the functional group fractions of the crude oil, includ-
ing the Saturates, Aromatics, Resins, and Asphaltenes (SARA) will be 
affected. As the asphaltene and resin content of the formation oil decrease 
and the aromatic content increases, it is expected that the viscosity of the 
oil decrease. The less viscous the crude oil, the higher is its mobility in 
the formation. Decrease in the oil viscosity under increased electric field 
intensity has been reported in the literature (Sato et al., 1998; Tao and Xu, 
2006; Wittle et al., 2008).

To investigate the oil transformation under applied DC electric field, a 
series of synthetic cores were prepared and tested. Three of the test cells 
were run at low current density of 0.1A/m2, three at high current den-
sity of 1.0 A/m2 and three control cells at no current. The cells were 100 
cm in length and 16.2 cm in diameter as shown in Figure 2.44. Titanium 

Figure 2.44 Floor scale surrogate core test set-up
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electrodes, and ion exchange resin packs were used at the two ends of each 
cell. The cells were designed in a manner that minimized transport of pH 
fronts into the cores and they were hydraulically balanced to reduce flow 
through the cores. Liquid and solid samples were retrieved through the 
ports placed on the cell walls. Three different crude oils representing a 
wide range of dynamic viscosity,  but the  same brine solution was used 
in preparation of the cores. The physical properties of the fluids used are 
presented in Table 2.5. The composition of the surrogate formation cores 
was 52% sand (mean particle size 0.23 mm), 40% silt (mean particle size 
0.025 mm), and 8% Georgia Kaolinite clay (mean particle size 0.0011mm). 
The initial porosity, water, and oil saturation were determined to be 30%, 
46%, and 48%, respectively. The representative synthetic core permeability 
was measured as 510mD.

The viscosity of the oil specimens extracted from 107-day forma-
tion samples treated under applied current density of 1 Amp/m2 showed 
a significant drop in all regions compared to their control value for the 
Pennsylvania and Canadian oils, as shown in Figures 2.45 and 2.46. For 
the Pennsylvania  oil sample, the viscosity dropped by 35% in the anode 
region, 23% in the middle region, and about 13% in the cathode section. 
For the Canadian oil sample, the viscosity at the anode region dropped by 
69% and by 26% in the cathode region.

The post-test SARA analysis (i.e., measures the contents of saturates, 
asphaltenes, resins and aromatics in oil) of the California and Canadian oil 
samples are shown in Figures 2.47 and 2.48. In concert with its  post-EK 

Table 2.5 Physical properties of the formation oils and water

Fluid Properties

PA field oil API 47; Dynamic viscosity = 38.7 cP

Specific gravity =0.79 at 20°C

CA field oil API 17.4; Dynamic viscosity = 2782 cP

Specific gravity =0.95 at 20°C

Canadian field oil API 13; Dynamic viscosity = 52000 cP

Specific gravity =0.98 at 20°C

Electrolyte solution

(Surrogate forma-

tion water)

Salinity= 33,000 ppm; Electrical conductivity  

= 45,000 μS

pH = 7.50; Major elements: Na, Cl, Mg, S, K, Ca, Br 
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viscosity which increased, the SARA analysis of the California oil sample 
showed a decrease in saturates and aromatics while a substantial increase 
of asphaltenes in the anode region. For the Canadian oil sample, as shown 
in Figure 2.48, there was a significant increase in the saturate content and 
a significant decrease in the asphaltene content of the oil both at the anode 
and cathode regions. The aromatic and the resin contents do not show as 
large a change from the control.
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Figure 2.45 The post-test viscosity distribution of PA oil cell compared to its control   

(Ghazanfari, 2013)

Figure 2.46 The post-test viscosity distribution of Canadian oil cell compared to its 

control (Ghazanfari, 2013)
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2.5 Summary and Conclusions

The fundamental principles of electrochemical transport and transforma-
tions applied to the electrokinetic processing of saturated clays and clayey 
formations were reviewed, and some findings were presented.

Figure 2.47 The post-test viscosity distribution of CA oil cell compared to its control   

(Ghazanfari, 2013)

Figure 2.48 T The post-test SARA distribution of Canadian core oil compared to its 

control (Ghazanfari, 2013)
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The classical H-S equation expresses the electroosmotic velocity of the 
fluid as a function of the electric field and the electrokinetic potential of 
the clay. Both of these parameters vary during electrokinetic transport, and 
result in a nonlinear process. It was shown analytically and experimen-
tally that the electroosmotic velocity could be uncoupled from the applied 
electric field when surface conductivity s

s
 and the resulting portion of the 

current transferred over the solid-liquid interface i
s
 are used as intrinsic 

properties of the clay to describe the velocity. 
The migration of the ions in the bulk fluid were modeled taking into 

consideration the changing electric field due to migration, and other effects 
such as retardation and electrophoretic effects that reduce ion mobility. 
The model appeared to simulate well the long-term ion distribution in the 
soil as the conductivity and the electric field varied in time and space. 

Finally, the experimental results of electrically enhanced extraction, 
separation, transformation, stabilization and containment in clay and clay 
rich porous media were presented and discussed in the framework of the 
theoretical electrochemical and electrokinetic models introduced earlier. 
The data appeared to support the hypothesis that Faradaic current passage 
orthogonal to the planes in the electric double layer of clay particles may 
drive forth redox reactions on clay surfaces. 
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3.1 Introduction

Considerable hydrocarbon resources, of all grades, remain residual oil in 
many older “depleted” fields, which are being abandoned. Depending upon 
the reservoir type, light oil (i.e., greater than 20° API gravity) primary and 
secondary recoveries range from 25% to 75%. This means that at abandon-
ment, as much as 75% of the Stock Tank Original Oil In Place (STOOIP) is 
left behind.

Heavy oil (i.e., less than 20° API gravity) crude recovery is severely lim-
ited because of the difficulty in extracting these high viscosity liquids from 
oil reservoirs. Primary recoveries as low as 10% of the STOOIP reserves 
are common. Enormous heavy oil resources exist throughout the world 
(Attanasi and Meyer, 2010; and Meyer, et al., 2007).

Both of these types (i.e., light and heavy) of residual oil resources are 
known, but are lacking a viable technology for their efficient and eco-
nomic recovery. Table 3.1 shows a 2007 compilation of world heavy oil and 
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bitumen resources. Whereas the numbers outside of North America are 
quite speculative, they do give an idea of the potential resource waiting for 
the right technology to recover it.

The shallowest unrecoverable oil reservoirs, such as the Shallow 
Athabasca Tar Sands, of Alberta, and McKittrick Field, of California, may 
be mined, if surface hydrocarbon extraction from the mined rock is eco-
nomic. Various forms of steam-assisted recovery may work well for deeper 

Table 3.1 World distribution of heavy oil and bitumen resources (after: Meyer 

et al., 2007)

Region Heavy Oil Bitumen

Estimated 

Total 

Original 

Oil In-Place 

(BBO)

Discovered 

Original 

Oil 

In-Place 

(BBO)

Estimated 

Total 

Original 

Oil In-Place 

(BBO)

Discovered 

Original 

Oil 

In-Place 

(BBO)

Eastern 

Hemisphere

1,617.4 1,617.4 854.96 771.46

Western 

Hemisphere

1,781.0 1,750.0 4,650.0 3,740.0

World 3,398.4 3,367.4 5,504.96 4,511.46

Africa 83.1 83.1 46.0 13.5

East Asia 168.0 168.0 10.5 10.5

Europe 75.3 75.3 17.0 17.0

Middle East 971 971 0.0015 0.0015

North America 651.0 650.0 2,390.0 1,670.0

Russia 182.0 182.0 347.0 296.0

South & 

Central 

America

1,130.0 1,100.0 2,600.0 2,070.0

South Asia 17.6 17.6 0.0 0.0

Southeast Asia 

& Oceania 

68.0 68.0 4.46 4.46

Transcaucasia 52.4 52.4 340.0 340.4
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heavy oil reservoirs. Steam assisted recovery has also been utilized as a 
finishing technique for lighter oil reservoirs (Blevins et al., 1984).

Steam assisted oil recovery, however, may not always be an option. The 
maximum depth for steam extraction has been increasing but the practical 
limit still appears to be between 2,000 and 2,500 ft. Deeper unrecovered 
oil resources require alternative technologies. Many reservoirs also contain 
reactive matrix minerals, which can cause irreversible reservoir damage 
from steam recovery technologies. 

Steam assisted oil recovery may also not be appropriate for very shal-
low resources (e.g., less than 500 ft.), because of the potential danger of 
steam breakthrough to the surface (Staff, 2011). Finally, steam assisted oil 
recovery may face environmental hurdles, in areas where water is in short 
supply, waste water disposal is a problem, and/or steam generators, com-
pressors, and pumps require air permits. 

Direct Current (DC) Electrokinetically Enhanced Oil Recovery 
(DCEOR) may be a viable alternative to steam assisted oil recovery because:

• It is operational outside of the above steam assisted oil recov-
ery depth windows

• It has a negligible water demand
• It generates no waste-water streams, beyond that of normal 

water cut
• It appears to actually reduce water cut, below primary recov-

ery levels
• It has a negligible to positive impact on reactive minerals
• It may actually clear pore throats of colloidal and fine grained 

particles
• It has negligible air quality impacts
• It may also reduce the production of noxious and toxic gases, 

such as H
2
S

3.2  Petroleum Reservoirs, Properties, Reserves,  
and Recoveries

Before discussing Electrokinetically Enhanced Oil Recovery, we need to 
briefly review petroleum reservoirs, reserves, and multi-phase saturation, 
as well as primary, secondary, and enhanced recovery. This background is 
needed to better understand the impact of direct electrical current on oil 
production.
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3.2.1 Petroleum Reservoirs

Unfortunately, some jurisdictions refer to petroleum reservoirs as pools, 
which conjures up images of vast underground lakes of petroleum. In real-
ity, most petroleum reservoirs consist of porous rocks, which more closely 
resemble fine-grained sponges, rather than caverns filled with gas or lakes 
of liquid petroleum. 

3.2.2 Porosity

Reservoir rocks may be though of as being made up of solids (matrix) and 
voids (pores). The percentage of rock volume occupied by pores is called 
porosity, Ø. 

3.2.3 Reservoir Saturations

The pore spaces in reservoir rocks are usually filled with water, as well as 
oil and/or gas. Economic gases are light (C

1
 – C

3
) hydrocarbons. Common 

non-economic gases are air, N
2
, and CO

2
. Toxic gases include H

2
S. Liquid 

petroleum is made up of the heavier (i.e., C
4
 and above) hydrocarbon 

chain and ring molecules. Liquid contaminants are sulfur and heavy metal 
hydrocarbon compounds 

Oil and water are immiscible, fluids, with neither particularly soluble in 
the other. Gas is soluble, to a point, in oil. Beyond that point, however, it 
becomes a separate phase. The same is true for gas and water.

Oil is (usually) less dense than water and gases are less dense than either 
oil or water. Because of these density differences, if all three are present in 
a given reservoir, they will segregate on the basis of density, with gas at the 
top and water at the base (i.e., much like Jell-O 1-2-3®). Pore throat sur-
face effects at the contact between the fluids and rock matrix, however, will 
insure that these contacts are not always very sharp. 

The types and amounts of fluids, which will co-exist at any given depth, 
will depend upon reservoir temperature and pressure, as well as pore 
space capillarity, surface tension between the immiscible fluids, wettability 
between the rock matrix and fluids, and the contact angle between the dif-
ferent immiscible fluids and the matrix. Clastic (sand and shale) reservoir 
rocks tend to be preferentially water wet, because of the polar nature of 
water and the net negative charges on the pore throat surfaces, due to cat-
ion substitution in silicate minerals. This results in some water, coating the 
pore throats, throughout the reservoir, making it preferentially water wet. 
Carbonate reservoirs tend to be preferentially non-water wet. If, however, 
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the carbonate reservoirs are lined with clay minerals they will also become 
partially to preferentially water wet.

The percentages of the pore space filled with water, oil, and/or gas, at 
any depth, is called water, S

w
, oil, S

o
, and/ or gas, S

g
, saturation, respectively. 

3.2.4 Initial Reserves

Initial reserves are the amounts of oil and/or free gas in the reservoir, before 
any production has taken place. For oil the definition is:

 
STOOIP

Ah S

B
w

oi

=
−7758 1f( )

, (3.1)

where:  STOOIP is stock tank original oil in place, in bbls. 
A is the reservoir closure area, in acres. 
h is the average reservoir (net) thickness, in feet. 
φ is the average reservoir decimal porosity. 
Sw is the average reservoir decimal water saturation. 
Boi is the initial oil formation volume factor. 
7758 is the acre-ft to bbls conversion factor (different conversion 
constants will be required, for other unit systems).

A similar relationship also exists for gas reserves.

3.2.5 Primary Oil Production and Water Cut

Wells are drilled into petroleum reservoirs to recover the oil and/or gas. 
Reservoir energy determines whether an oil well will flow (without assis-
tance) or must be pumped. The reservoir energy is provided by dissolved 
gas, mechanical compaction, and/or hydraulic pressure within the reser-
voir. As a reservoir is depleted, more than one fluid type will be produced. 
For oil reservoirs, not only will oil be produced, but also associated gas (gas 
cut) and/or water (water cut). 

3.3 Relative Permeability and Residual Saturation

Figure 3.1 is a generic representation of an oil/water (two phase) relative 
permeability determination, for a preferentially water-wet reservoir rock. 
For multi-phase systems, the relative permeability is a measure of the 
amount of each fluid, which can be produced from a reservoir and under 
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what conditions. Laboratory relative permeability measurements are uti-
lized by reservoir engineers to aid in depletion planning.

The oil/water (k
o/w

) relative permeability curves are complex functions of:

• The pressure gradient within the reservoir
• The relative viscosities of the oil and water phases
• The interfacial tension, between the two immiscible phases
• The matrix wettability
• The capillary forces at the pore throat restrictions, within the 

matrix
• The amounts of oil and water (S

o
 and S

w
) in the reservoir 

rock

At irreducible water saturation (S
wir

), only oil will be produced. At resid-
ual oil saturation (S

or
), only water can be produced. Comparing the relative 

permeability values at intermediate S
w
 and S

o
 values provides estimates of 

the oil production and water cut.
For depletion management, the goal is to keep as high on the oil sat-

uration (S
o
) curve as (economically) possible, by managing what can be 

managed (usually field balanced production rates) for primary recovery. In 
this fashion, oil production is maximized and the water cut is minimized, 
increasing income and reducing disposal costs. 

During primary production, the reservoir drive declines and secondary 
measures, such as gas lift, gas flood, miscible gas injection, and water flood 
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Figure 3.1 Generic relative permeability curves, for preferentially water wet reservoirs 

(after Cohen and Mercer, 1992)
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are utilized to maintain production rates. However, even these measures 
will still leave considerable residual oil behind. 

3.4 Enhanced Oil Recovery

The goal of Enhanced Oil Recovery (EOR) technologies is to reduce 
S

or
 and shift the k

o/w
 curve to the right, as illustrated in figure 3.2, by 

changing the physical conditions of the reservoir, resulting in increased 
oil recovery, reduced water cut and lower S

or
. This is accomplished by 

modifying one, or more, of the following reservoir matrix and/or fluid 
properties:

• The viscosities of the oil and water phases
• The interfacial tension, between the two immiscible phases
• The matrix wettability
• The capillary forces at the pore throat restrictions within the 

matrix

Different EOR technologies modify different combinations of the above 
reservoir matrix/fluid properties.

Figure 3.2 Enhanced oil recovery modification of oil/water (ko/w) and water/oil (kw/o) 

relative permeability, as well as residual oil (Sor) and irreducible water (Swir ) saturations 

(after Hill, et. al., 2010)

Sor

100%

100%
Swir

100%0

0

Oil Water

R
e

la
ti

v
e

 P
e

rm
e

a
b

ili
ty

Ir
re

d
u

ci
b

le
 S

a
tu

ra
ti

o
n

R
e

si
d

u
a

l S
a

tu
ra

ti
o

n

Water Content

Oil Content



110 Electrokinetics for Petroleum and Environmental Engineers

3.5 Electrokinetically Enhanced Oil Recovery

Electrokinetic electrical enhanced oil recovery involves inducing electrical 
current, from antennas, or passing electrical current, between electrodes, 
in the producing reservoir and either at the surface and/or at depth. These 
applications have seen several different incarnations. When electrical cur-
rent is introduced into the ground, several electro-chemical processes can, 
and usually do occur. Optimum application of electrical current for maxi-
mum effectiveness resides in the art of application.

3.5.1 Historical Background

Several groups and individuals have considered using electrical current for 
enhanced oil recovery (EOR). One of the earliest proposed electrical EOR 
technologies was by Workman (1930). His patent (which does not appear 
to have progressed beyond hypothesis) proposed conducting electrolysis 
in the water legs of oilfields to release gases (presumably hydrogen and 
oxygen):

 “. . . which permeate, or are absorbed by the oil to render the same 

lighter and more mobile which facilitates its release from the sand and 

causes it to rise to the top of the water in the well”. 

There is no documentation that this inventor ever attempted to evaluate or 
implement his ideas. The reference is included only as a benchmark that 
someone had considered using electricity for EOR as early as 1930. 

Sarapuu (1957) proposed using high-density electrical currents to “car-
bonize” hydrocarbons to enhance extraction via well bores. Bell (1957) pro-
posed using high density DC current to drive oil from reservoirs into wells. 
Again, there is no evidence that either of these technologies progressed 
beyond the patent stage.

Gill
 
(1970, 1972) and Crowson and Gill (1971) proposed using alternat-

ing current (AC) electricity to heat oil reservoirs, which would decrease 
the oil viscosity and enhance its recovery. Low frequency alternating cur-
rent (AC) heating was evaluated in Canadian heavy oil fields (McGee, 2008; 
McGee et al., 1999). Electro-magnetic (EM) heating was evaluated by Cute 
et al. (1987), Chute and Vermeulen (1988), and Sahni et al. (2000). Radio 
frequency (RF) induction EOR was evaluated by Kasevich et al. (1994). All 
of these authors have advocated EM for near wellbore heating to reduce 
oil viscosity. AC current, however, poses problems such as corrosion of all 
electrodes, inductive energy loss, and shallow penetration away from the 
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electrodes or antennas. By contrast DCEOR does not experience any of 
these problems

Downhole resistive heaters have also been proposed for heating the near 
wellbore (Sandberg et al., 2013; Vinegar and Bass, 2007; and Vinegar et al., 
2006a, 2006b, & 2007).

Several major oil company research and development (R&D) subsidiar-
ies and national laboratories have investigated various AC, Electromagnetic, 
Radio Frequency, Microwave, and downhole heaters for EOR (e.g., Sahni 
et al., 2000). 

3.5.2  Geotechnical and Environmental Electrokinetic 
Applications

Electrokinetics have been applied for geotechnical and environmental res-
toration problems, as well as EOR. Knowledge gained in any of these appli-
cations can, and should be, applied to understanding the others. 

Leo Casagrande pioneered the use of electroosmosis for construction 
soil dewatering and stabilization (Anon, 1966; Casagrande, 1952, & 1959; 
Casagrande et al., 1961). Farris

 
(1968) described the use of anodes and cath-

odes in a formation as a mechanism for dewatering it. Mitchell (1970) also 
described using electroosmosis to dewater soil, and was actually retained 
as a consultant for stabilization attempts at the Campanile at the Cathedral 
of Pisa, Italy. Gray and Mitchell (1967) provided the current electrochemi-
cal basis of electroosmosis: i.e., that the electroosmotic membrane is not a 
physical membrane but a cation-selective membrane due to the Helmholtz 
double layer filling pore-throat constrictions. Mitchell (1993) also has an 
extensive discussion of the electrochemical basis for electro-osmosis. Gray 
and Schlocker (1969) described electrokinetic alteration of clay minerals. 
Tchillingarian (1972) described the use of electrophoresis to move fine-
grained clays through porous rocks.

Acar and Alashawabkeh (1993) and Acar and Gale (1992) discussed 
using electrokinetics to decontaminate heavy metal contaminated soils. 
Bruell et al. (1992), Hill (1994, 1997, 1998), and Hill et al. (1997) utilized 
electroosmosis to remove gasoline hydrocarbon and TCE contamination 
of soils. Chilingar et al. (1997) utilized electrokinetic remediation of hydro-
carbon and metallic soil contamination. Döring (1993, 1996), Döring et al. 
(2000, 2001, & 2008), Iovenitti et al. (2003), and Lageman et al. (1989) 
also applied electrokinetics for the remediation of both organic and inor-
ganic soil contamination, with some rather dramatic case histories. Döring 
(1993 1996) and Döring et al. (2000, 2001) demonstrated the destruction 
of organic contamination by breaking down complex organic molecules 
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into simpler daughter products. Wittle and Pamukcu (1993) and Pamukcu 
(1994) utilized electrokinetics for treatment of soils and sludges contami-
nated with hydrocarbon and metals.

3.5.3 Direct Current Electrokinetically Enhanced Oil Recovery

Direct Current Electrokinetically Enhanced Oil Recovery (DCEOR) 
was originally conceived of at a unit of General Electric (Bell and Titus, 
1973 & 1974). The DCEOR technology is currently being evaluated and 
commercial applications developed by start-up organizations in the U.S., 
Canada, and Argentina (Bell et al., 1985; Hill et al., 2010; Stainoh, 2011; 
Titus et al., 1985; Wittle and Bell, 2005 & 2008; Wittle and Hill, 2006a & 
2006b; and Wittle et al., 2006a, 2006b, & 2011). These private organiza-
tions, collectively, have spent several years and millions of U.S. dollars 
in R&D to evaluate and overcome field operational difficulties encoun-
tered during development. Their combined efforts resulted in successful 
DCEOR demonstrations at California, Alberta, and in Argentina’s heavy 
oil fields. 

During the 1950s and 1960s, George V. Chilingar and his students, at the 
University of Southern California (USC), conducted numerous laboratory 
tests involving electrokinetics. These tests suggested that this low power 
drain DC electrical mechanism could be used for EOR (Ace, 1975; Amba 
et al., 1964, 1965; Chilingar et al., 1968, 1970, 1997). Tikhomolova (1993) 
described similar studies conducted at the University of St. Petersburg also 
suggesting electro-osmosis as a potential EOR technology. Sibel Pamukcu 
and her students at Lehigh University have conducted numerous labora-
tory tests investigating potential DCEOR mechanisms and effects (Al 
Shalabi et al., 2012; Ghazanfari et al., 2012 & 2013).

3.6 DCEOR and Energy Storage

Several authors (Chelidze, 1969; Hill, 1972; Howell and Licastro, 1961; 
Katsube, 1975; Keller and Licastro, 1975; Rokityansky, 1959; Scott et al., 
1967; and Ward and Fraser, 1967) have used Lossy dielectrics as ana-
logues for the electrical behavior of rocks. Rocks and soil can store electri-
cal energy, much like a battery or supercapicator (Conway, 1999; Mayper, 
1959a & 1959b; and Wait, 1959). If a step potential is introduced between 
two electrodes in the ground, the current passing between them will not 
follow a step function, but will rather spike and then decay exponentially 
with time to some steady state value. If the step potential is removed, the 
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current will change polarity, spike, and then decay to zero. This is shown 
schematically in figure 3.3. 

The potential difference between two potential electrodes (i.e., NOT the 
two current electrodes) will rise asymptotically to some limiting value. If 
the current is then cut off, the potential will drop sharply, to some inter-
mediate value and then decay exponentially to zero, as shown in figure 3.4. 
The earth responses, shown in figures 3.3 and 3.4, are similar to that of a 
capacitor in an electrical circuit and are indicative of (electrical) energy 
storage (Hill, 1999).

Conrad Schlumberger first observed the phenomena shown in figures 3.3 
and 3.4 and disclosed his observations in a 1912 German Patent (Sumner, 
1976). Schlumberger named the phenomenon polarisation provoquée (PP), 
which has the excepted translation of “Induced Polarization” (IP) in the geo-
physical community (Schlumberger, 1920; Sumner, 1976). Schlumberger 
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Figure 3.3 Generalized rock/soil charging and discharging current (after Hill, 1999)

Figure 3.4 Generalized rock/soil charging/discharging potentials (after Hill, 1999)
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attributed the phenomenon to the presence of metallic mineralization, but 
claimed that background effects often masked metallic mineral PP (IP) 
anomalies, to the extent that they were difficult to identify. Later studies 
identified the source of these anomalies as due to Membrane Polarization 
in clay mineral sand mixtures (Hill, 1999; Komarov and Shmarova, 1961; 
Mayper, 1959a & 1959b; and Sumner, 1976). Faced with the polarization pro-
voquee signal/noise problem, Conrad Schlumberger concentrated on using 
surface equal potential and resistivity mapping to locate ore bodies and later 
gravitated to making wireline measurements in oil wells, co-founding the 
oilfield services firm, Schlumberger, which bears the family name.

3.6.1 Mesoscopic Polarization Model

If one imagines that the subsurface rocks can be thought to host a meso-
scopic (i.e., pore scale and larger) distribution of polarization sites, then in 
the absence of an electrical field, these polarization sites remain unpolar-
ized (see figure 3.5). In the presence of an electric field, however, these sites 
become polarized over time, as shown in figure 3.6, resulting in a volume 
polarization field, in opposition to the electrical field. If the electrical field 
is removed, the polarization sites gradually decay, resulting in a current in 
opposition to the charging current. This discussion, as well as figures 3.5 
and 3.6, provide a qualitative explanation of the observations, shown sche-
matically, in figures 3.3 and 3.4.

Note: The current discussion and the schematic models of figures 3.5 
and 3.6 are mechanism independent.

Figure 3.5 Schematic representation of polarizable rock/soil as a mesoscopic distribution 

of unpolarized polarization sites (after Hill, 1999)
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3.7 Electro-chemical Basis for DCEOR

When electrical current is passed between electrodes embedded in the 
earth, several phenomena can, and usually do, occur. The best way to 
treat this situation is via the concept of coupled flows, introduced by Lars 
Onsager (1931a, 1931b), for which he received the 1968 Nobel Prize in 
chemistry (Onsager, 1969).

3.7.1 Coupled Flows and Onsager’s Principle

Five mechanisms appear to be operative, in DCEOR, based on available 
field and laboratory data:

• Joule heating
• Electromigration
• Electrophoresis
• Electroosmosis
• Electrochemically enhanced reactions

These mechanisms are often collectively called electrokinetics. Figure 3.7 
is a qualitative representation of the relative energy requirements for these 
mechanisms (with the middle three merged as “electrokinetic mass trans-
port”), as well as that required for electrically fusing (melting) the rock.

E

P

Figure 3.6 Schematic representation of figure 3.5. Rock/soil polarized by an electric field, 

E (after Hill, 1999).
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All of the above five mechanisms are coupled reactions. Nourbehecht 
and Madden (1963), as well as Mitchell (1993) provide simple linear alge-
bra and tensor representations. 

In matrix notation, Onsager’s relationships can be represented as:
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(3.2a)

or, using the simpler tensor notation, they are:

 

J Li ij

j

j= ∇
=

∑
1

6

f . (3.2b) 

where: J
i
 are generalized flow, or flux vectors.

 ∇Ø
j
 are generalized potential gradient, or force, vectors.

  L
ij
 are generalized conductivity, or coupling coefficient (second 

rank) tensors.
The direct flow, or main diagonal terms, L

ii
, of Equation 2a relate non-

coupled fluxes to their potential gradients, whereas the off diagonal terms, 
L

ij
, relate coupled fluxes. 
Reviewing Equations 3.2a and 3.b2b, one can observe that:

• If J
1
 is electrical current density and Ø

1
 is electrical poten-

tial, then L
11

 is the electrical conductivity tensor, σ, whereas 

Electrochemical
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Mass Transport

Joule-Heating

Melting

Figure 3.7 Schematic representation of the energy requirements of various electrokinetic 

mechanisms and electrical melting (after Wittle et al., 2008c)
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the coupled flow coefficient, L
1,3

, includes junction potential 
and the coupled flow coefficient, L

1.5
, includes Streaming 

Potential and Membrane Potential. 
• If J

2 
is heat flow and Ø

2 
is temperature, then L

22 
is thermal 

conductivity tensor, K, while the coupled flow coefficient, 
L

2,1,
 includes Joule Heating. 

• If J
3
 is ionic flux and Ø

3
 is ionic concentration, L

3,3
 is (ionic) 

diffusion coefficient, D
i,
 then the coupled flow coefficient, 

L
3,1

, includes electro-migration. 
• If J

4
 is charged particle flux and Ø

4
 is charged-particle sus-

pension density, L
4,4

 is the (charged particle) diffusion coef-
ficient, D

p
, and the coupled flow coefficient, L

4,1
, includes 

electro-phoresis. 
• If J

5
 is fluid flux and Ø

5
 is pressure, then L

5,5
 is k/μ, k is the 

absolute permeability tensor, μ is the fluid viscosity, and the 
coupled flow coefficient, L

51
, includes electro-osmosis. 

• If J
6
 is chemical reaction product flux and Ø

6
 is the chemi-

cal reactant concentration, then L
6,6

 is the chemical reaction 
rate constant, and the coupled flow coefficient, L

6,1
, includes 

electro-chemically enhanced reactions. 

If the units of the left hand side (LHS) fluxes J
i
 and the right hand side 

gradients, ∇Ø
j
, of equations 3.2a & 3.2b are such that their products, J

i
•∇Ø

j
, 

represent free energy dissipation, then, by Onsager’s Principle:

 
L Lij ji= . (3.3)

Onsager’s Principle (equation 3) is extremely useful because it is often 
easier to measure one of the pair of coupled coefficients than the other. 

The five DCEOR (electrokinetic) mechanisms listed above, as well as 
Streaming and Membrane Potentials, are all (equations 3.2a & 3.2b) off 
diagonal and, as such, are coupled mechanisms. Lorenz (1952) discusses the 
relationship between two coupled flows: Electro-Osmosis and Streaming 
Potential. The Primary DCEOR mechanisms are described below.

3.7.2 Joule Heating

The formation is heated by the passage of the electrical current through 
conducting fluids and solids within the reservoir. Electrical heating ele-
ments, such as stovetop burners and space heaters, are based on Joule heat-
ing. Joule heating of the reservoir matrix and fluids raises the reservoir 
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temperature and lowers the viscosity of the crude, making it easier to pro-
duce. As shown in figure 3.7, Joule Heating requires the largest energy dis-
sipations and consequently the greatest potential (voltage) gradients of the 
5 DCEOR mechanisms.

3.7.3 Electromigration

Movement of dissolved ionic components, such as (positively charged) 
cations and (negatively charged) anions under the influence of an applied 
electric field. Electromigration forms the basis of electro-refining and elec-
tro-plating metallurgical processes, where metallic cations migrate from 
anode to cathode. Asphaltenes, which are negatively charged, will migrate 
toward the anode.

3.7.4 Electrophoresis

Charged colloidal particles, suspended in solution, will also migrate under 
the influence of an electrical field, similar to electromigration. In as much as 
clays are generally negatively charged, they will move away from the cath-
ode and toward the anode. This process may clear blocked pore-throats and 
improve permeability, resulting in increased oil production (Tchillingarian, 
1952) or be used to transport organisms and nutrients (Chilingar et al., 1997).

3.7.5 Electroosmosis

Helmholtz double layers formed in the connate waters adjacent to clay 
minerals form cation selective membranes in narrow pore throats, allow-
ing hydrated cations and water molecules to pass through the pore throats, 
but blocking hydrated anions. The membrane, in this case, is not a physical 
membrane as it is in membrane filters, but an electrochemical one. This 
mechanism has been utilized to dewater expansive clays, and increase 
apparent reservoir permeability, resulting in increased oil production. 
This is essentially the definition of electroosmosis used by Leo Casagrande 

(1952, 1959), as well as that used by Gray and Mitchell (1967), Mitchell 

(1993), and Tikhomolova (1993).

3.7.6 Electrochemically Enhanced Reactions

Reactions between the pore fluids and matrix materials enhanced by 
Eh/pH changes brought about by the passage of electrical current. 
Electrochemically enhanced reactions appear to enhance the breakdown 
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of complex hydrocarbons, resulting in simpler (hydrocarbon) daughter 
products, which have lower viscosities than the original components, and 
increase reservoir energy. Both of these conditions will enhance oil pro-
duction. As shown in figure 3.7, electrochemically enhanced reactions, 
field experience has demonstrated that this mechanism only occurs in very 
low potential (voltage) gradient situations (Döring 1993 and 1997; Döring 
et al., 2000, 2001, and 2003).

Of the five electrokinetic mechanisms, Joule heating requires the largest 
amount of energy and, consequently, the highest potential (voltage) gradi-
ent, while the electrochemically enhanced reactions require the lowest. The 
other three mechanisms: electromigration, electrophoresis, and electroos-
mosis, all have intermediate energy and voltage gradient requirements.

3.8 Role of the Helmholtz Double Layer

3.8.1 Dissociation of Ionic Salts

Water is a very unique fluid. The covalent hydrogen - oxygen bonds result 
in an H-O-H angle of 105°. Because both hydrogen ions are on the same 
side of the oxygen ion, the water molecule is strongly polar (dielectric con-
stant of 78.54 at STP). It quickly dissociates electrolyte salts (e.g., NaCl) 
into positive ions, or cations (such as Na+) and negative ions, or anions 
(such as Cl-). The Na+ ion is one electron short of electrical neutrality, 
whereas the Cl- ion has one excess electron. The net result is the Cl- ion 
is about twice the size of the Na+ ion and one-half the size of water mol-
ecules. Each of the dissociated (positively charged) cations and (negatively 
charged) anions, in aqueous solutions, are hydrated, surrounded by enve-
lopes of water molecules with poles of opposite charge (from that of the 
ion) facing the ions, attempting to neutralize the ionic charges (as shown, 
schematically in figure 3.8).

In free solutions, the hydrolyzed (in water molecule clouds) ions are free 
to move and their relative numbers are comparable to what they were in 
the solid (i.e., crystalline) state. However, this all changes near the matrix 
of clastic rocks. 

3.8.2 Silicates

The most common minerals in clastic rocks are silicates, cations sur-
rounded by silicate radicals. The basic silicate building block is a tetrahe-
dron, with a silicon ion at the center and oxygen ions on the four corners. 
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These silica tetrahedra are the building blocks of silicate minerals, much 
like methane tetrahedra are building blocks of organic molecules (see fig-
ure 3.9). Unlike hydrocarbons, most of which are either gases or liquids, at 
room temperature, however, silicates are all solid crystals.

In addition to the simple silicate tetrahedra, silicates also form single 
and double chains, as well as sheet structures and three-dimensional net-
works (see figure 3.9). The common feature, of silicate crystal lattices is that 
they all consist of cations surrounded by anions and/or silicate radicals. 

Figure 3.8 Schematic representation of NaCl dissolved in water (after Hill et al, 1997). 

Water molecules (in blue), with positive poles adjacent to Cl- anions and negative Poles 

adjacent to Na+ cations.

Figure 3.9 Silicate tetrahedra linkage (after Berry and Mason, 1959). a) Independent 

tetrahedra; b) Double tetrahedra; c – e) Ring structures.
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This means that the negative portions of the (neutral) crystals are on their 
external surfaces. 

Many rock-forming minerals do not have fixed chemical formulas, but 
allow substitutions of cations, within their crystal lattices. In many silicate 
minerals, this cation substitution involves the substitution of divalent (e.g., 
Fe+2) for trivalent (e.g., Al+3) cations, or tri-valent (e.g., Al+3) for quadra-
valent (e.g., Si+4) cations, in the crystal lattice, resulting in a net negative 
surface charge on the crystal surface. This net negative charge density on 
the mineral crystal surfaces attracts the positive poles of water molecules 
and dissociated cations, while repelling the negative poles of water mol-
ecules and dissociated anions in solution (as shown in figure 3.10).

3.8.3 Phillosilicates and Clay Minerals

Reservoir rocks often contain significant amounts of clays (clay-sized par-
ticles, and/or clay minerals) within their matrixes. Clay particle size grains 
are usually phillosilicates or sheet-silicates, such as micas and clay miner-
als, which have net negative surface charges.

Phillosilicate and clay mineral crystals are composed of composite sheets 
of AlO

6
 octahedra and SiO

4
 tetrahedra layers. The substitution of divalent 

for trivalent cations, in the octahedra layers or trivalent for quadra-valent 
cations, in the tetrahedra layers leaves strong net negative charge densities 
on the flat mineral phillosilicate crystal surfaces. Different clay minerals 
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Figure 3.10 Schematic representation of the formation of the Helmholtz Double Layer 

adjacent to a clay mineral surface (after Hill et al, 1997)
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have differing amounts of excess negative surface charge. This variation 
in net negative surface charge affects the number of dissociated cations, 
which will attach themselves to the clay minerals. 

This discussion covers silicate minerals and clastic (sand/shale) res-
ervoirs, which tend to be preferentially water wet. This condition results 
in the continuous electrolytically conductive current pathways along the 
walls of the reservoir pore throats. 

Some of the world’s most significant hydrocarbon reservoirs are car-
bonates, however, which tend to be preferentially non-water wet. Except 
for very high S

w
, these reservoirs would not expect to have continuous 

electrolytic current pathways, because of the hydrocarbons covering the 
pore-throat walls. If, however, there are significant clay minerals coating 
the pore throats of the carbonate reservoirs, they should begin to behave 
much like the clastic reservoirs.

3.8.4 Cation Exchange Capacity

In addition to the net surface charge, phillosilicates and clay mineral crys-
tal structures are composites of layered silicates. The space between the 
composite layers can be filled with water and/or hydrated cations, as shown 
in figure 3.11. A measure of the interlayer cation attraction is called cat-
ion exchange capacity (CEC) and is measured by determining the number 
of cations, which can be exchanged on the clay minerals (Mitchell, 1993). 
CEC is commonly measured in meq/gm. A more useful measure of CEC, 
for determining the electrochemical and flow behavior of shaly-sands silts, 
and, perhaps, even shaly carbonates is the CEC/unit pore volume, Q

v
, of 

Waxman and Smitts (1968):

 Q
CEC

V
v

p

= ,  (3.4)

where: Q
v
 is CEC per unit Pore volume, in meq/ml.

 CEC is cation exchange capacity, in meq/gm.
 V

p
 is the pore volume, in ml/gm.

The Q
v
 measure of CEC converts it from a mass measure to a specific 

volume measure. It also provides a direct link between CEC and:

• The membrane spontaneous potential
• Resistivity behavior of shaly-sands
• Streaming potential
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• Electro-osmosis
• Induced polarization Normal Effect in shaly-sands  

Shaly sands with high Q
v
, tend to have lower permeability than those with 

low Q
v
.

3.8.5 Electrochemistry of the Double Layer

Water is such a strong polar molecule that it preferentially (over non-polar 
and weakly polar petroleum molecules) wets the clay mineral surfaces, 
making them hydrophilic, or preferentially water-wet. The bound layer of 
water molecules is held tightly enough by the electrostatic attraction from 
the excess negative charges in the clay mineral surfaces that these water 
molecules do not move under normal sub-surface forces. 

When water comes in contact with clay, or another phillosilicate, the 
water molecules closest to the surface align themselves with their posi-
tive (hydrogen ion) pole opposite the negative charges on the surface of 
the silicate minerals (figures 3.10 and 3.12). This region of water mole-
cules (which may be from a single-molecule to several-molecules thick) 
is tightly bound to the surface of the clay minerals, and is variously called 
the “bound layer”, “Stern layer”, or “inner Helmholtz layer”. The inner layer 
may or may not contain cations from ionic salts in solution but will not 
contain any anions. 

Figure 3.11 Montmorillonite Crystal structure Showing Interlayer Water and 

Exchangeable Cations (after UBC Website)
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Figure 3.12 is a schematic diagram of a pore throat, illustrating the 
Helmholtz double layer lining. It is formed, in preferentially water-saturated 
rocks, by the attractive forces between the electrically negative surfaces of 
minerals and the positive poles of water molecules and positive (cat) ions, 
in aqueous solution (connate waters). There are no negative anions within 
the Helmholtz double layer. 

This electrical double layer is divided into two electrochemical regions:

• A region of fixed water molecules and cations (Bound, Stern, 
or Inner Helmholtz layer), held by strong electrostatic forces 
to negatively charged mineral surfaces.

• A more mobile region of loosely bound cations and water 
molecules (Outer Helmholtz, or Gouy layer), which are par-
tially shielded from the negatively charged mineral surfaces 
by the water molecules and cations of the Stern layer. These 
loosely bound cations and water molecules can move in the 
presence of an electrical external field.

If the pore throats are large enough, a third electrochemical region (free 
fluid) exists, containing water molecules, as well as both anions and cations. 

Net negative

Bound layer

Bound layer

Darcy Flow

Darcy Flow

Matrix  grain

Matrix  grain

H2O molecule

Hydrocarbon Na+

Cl–

Capillary barrier

Helmholtz layer

Pore Throat
Darcy Flow

Outer Helmholtz
layer

EXPLANATION

HC

Figure 3.12  Pore throat schematic showing double layers forming adjacent to clay 

mineral surfaces and restricting darcy flow through the center of the pore throat (after 

Hill et al., 1999)
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In preferentially water wet rocks, this is the portion of he pore throats, where 
hydrocarbons will reside. If the pore throats are small enough, however:

• The Helmholtz double layers completely fill the pore throat
• The pore throat becomes an electrical cation selective mem-

brane (see figure 3.13)

Even if the Helmholtz double layers do not completely fill the pore 
throats, capillary forces will restrict the non-wetting fluid from entering 
the pore throats. 

There is a shear, or slipping plane surface between the Stern and Gouy 
layers, which allows movement of the Gouy layer cations without disturb-
ing the Stern layer. The potential difference between this plane and the free 
fluid is the Zeta Potential (Chilingar et al., 1970).

Upon application of DC current, the mobile Gouy layer migrates, in the 
direction of the electrical field, toward the negative (cathode) electrode. 
This motion of the water molecules and cations within the Gouy layer, 
results in the following:

• The motion of the water molecules and cations within the 
Gouy layer effectively opens the diameter of the pore throat 
to the bound, Stern layer, as shown in figure 3.14.

• Cations, anions, and other fluids in the free fluid will be 
dragged through the (now enlarged) pore throat.

• Both the wetting and non-wetting fluids will be produced.

Extensive experimental work, conducted at The University of Southern 
California (Ace, 1955; Amba et al., 1964, 1965; Chilingar et al., 1968,1970, 

Figure 3.13 Schematic representation of the formation of a cation-selective membrane in 

a constricted pore throat (after Hill et al., 1997) 
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1997,1997, Tchillingarian, 1952) showed up to forty-fold volumetric 
fluid flow increases in cores containing clays, compared to only 2 – 3 fold 
increases in pure silica cores, as shown in figure 3.15. Chilingar, et. al. (1970) 
speculated that this latter (silica core) fluid flow might be due to a thermal 
effect. Mitchell (1993) maintained that all silica minerals show increased 
flow, under DC fields, but that those with high cation exchange capacity 
(CEC) exhibit the greatest flow increases. The results in figure 3.15 agree 
with Mitchell’s (1993) argument.

For those pore throats completely filled with the Helmholtz double layer, 
the application of current will develop salinity gradients across the cation 
selective membranes, which will store energy. Any fluctuation in the local 
electric fields will result in discharge of this stored energy, similar to dis-
charging a super capacitor (Conway, 1999), potentially inducing a break-
down of complex hydrocarbon molecules, resulting in simpler daughter 
product molecules. 

3.9 DCEOR Field Operations

Figure 3.16 illustrates one possible DCEOR field implementation, where 
anode(s) are placed near the ground surface and cathode(s) are placed 
in, or near, producing well(s). An alternative configuration utilizes both 
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Figure 3.14 Pore throat schematic showing electrokinetic transport of the outer 

Helmholtz layer, modifying the effective pore throat size for fluid flow (after Hill, 1999)
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Figure 3.15 Relationship between potential gradient and normalized electrokinetically 

induced fluid flow, for different silica-clay mineral mixtures. Core No. 1: 94 % silica sand 

& 6% montmorillonite clay. Core No. 2: 94% silica sand & 6% illite clay. Core No. 3: 94% 

silica sand and 6% kaolinite clay. Core No. 4: 100% 200-mesh silica sand (after Chilingar, 

et al., 1970).

Figure 3.16 DCEOR Field Operation Schematic Rendering (after: Amba et al., 1965; 

Titus et. al., 1985)
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anode(s) and cathode(s) in the subsurface. Successful field pilots have uti-
lized anode-cathode separations of as much as 400 m, or 0.25 mi (Wittle 
and Hill, 2006a, 2006b; Wittle et al, 2008a, 2008b, and 2008c; Wittle et al, 
1011). 

3.9.1 Three-Dimensional Current Flow Ramifications

A common misconception is that three-dimensional electrical cur-
rent flow in the subsurface can be represented by one-dimensional lin-
ear (Kirchhoff) circuit theory. For one-dimensional linear circuit theory, 
Ohm’s law is:

 
I

V

R
= Δ

 (3.5)

or:

 ΔV IR=  (3.6)

Joule heat loss across a given circuit element, of resistance R, is given by:

 P I V I R= =Δ 2 , (3.7)

where:  P is the power loss, over the individual circuit element, of resis-
tance, R.

 ΔV is the voltage drop across the individual circuit element.
 R is the individual circuit element resistance.
  I is the current through the entire circuit, controlled by the total 

voltage drop across the entire circuit and the sum of all of the 
resistances in the circuit.

In three-dimensions, however, Ohm’s law (Equation 3.5) becomes:

 J E= = ∇ = ∇−s s f r f1
, (3.8)

or:

 ∇ =f rJ . (3.9)

In three-dimensions, the local Joule heating power loss is given by:

 
px y z, , = • = •∇ =J E J Jf r2

 
(3.10)
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where:  p
xyz

 is the local power loss, at the point of interest. 
 E is the local electric field vector, at the point of interest.
  ∇Ø is the local electrical potential field gradient, at the point of 

interest.
 σ is the local electrical conductivity tensor, at the point of interest.
  ρ is the local electrical resistivity tensor (inverse of σ), at the point 

of interest.
 J is the local current density vector, at the point of interest. 

I is a constant, in Equations 3.5 to 3.7, dependent only on the total volt-
age drop across the entire circuit and the sum of the circuit element resis-
tances in the circuit. For a heterogeneous Earth model, however, all of the 
parameters in Equations 3.8 to 3.10 are functions of position, with the vec-
tor and second rank tensor properties, directional, in nature.

Electrical current densities follow paths of least resistance, such that the 
total Joule power loss;

 
P

T
 = ∫∫∫  p

xyz
 dxdydz, (3.11) 

for the entire (earth) system, is minimized. This means that in regions of 
high resistivity, |J| is much lower than in regions of low resistivity. Since p

xyz
 

depends upon the local |J|2, Joule power loss is much less in regions of high 
resistivity than in regions of low resistivity. The exceptions to this rule-of-
thumb are in the vicinity of the power electrodes, where the current den-
sity is controlled by the geometry of the power electrodes. Even in these 
situations, however, DCEOR electrode arrays are designed to maximize 
Joule heating where it is desired and minimize Joule energy loss, where this 
result is the desired outcome.

3.9.2 Electric Field Mapping

The primary objective of DCEOR is to pass electrical current through the oil 
reservoirs in an optimum manner to achieve the above mechanisms. This is 
achieved by electrode array design. Figure 3.17 shows a simple three-layer 
earth model, used to design electrode arrays. Figures 3.18 and 3.19 illustrate 
in cross section and plan view, respectively, the equipotential surfaces about 
parallel sets of three anodes and cathodes, in the model of figure 3.17.

3.9.3 Joule Heating and Energy Loss

Electrode arrays are specifically designed, in DCEOR systems, to produce 
high current densities, where high Joule heating is desired, and low current 
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Figure 3.17 Three-layer earth DCEOR field mapping model (after Wittle and Hill, 2006b; 

and Wittle et al., 2008a, & 2008c)

Figure 3.18 DCEOR figure 3.18 model simulation equipotential field cross-section (after 

Wittle and Hill, 2006a; and Wittle et al., 2008a, 2008b, & 2008c)

densities, where low Joule only power losses are desired (i.e., high Joule 
power losses are to be avoided). Figure 3.20 illustrates Joule heating (no 
conductive or convective heat transfer) simulation results in the vicinity of 
a down-hole electrode within a heavy oil reservoir. Even after 7.5 months 
of DCEOR, the temperature beyond 14 ft. of the electrode surface is essen-
tially unchanged. Convective and radiative heat transfer, however, would 
increase the effective heating radius.

3.9.4  Comparison of DC vs. AC Electrical Transmission  
Power Loss

The power losses, as discussed above, depend only upon resistances (Equation 
3.7) or resistivities (Equations 3.10 and 3.11), for DC electrical current. 
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Figure 3.19 DCEOR figure 3.17 model simulation equipotential field plan view (after 

Wittle and Hill, 2006; Wittle et al., 2008a, 2008b, 2008c

Figure 3.20 DCEOR simulation results: Reservoir temperatures after 100, 1,000, and 

5,400 hours of stimulation. temperatures (vertical axis) are in °F and distances (horizontal 

axis) are in radial feet, from the Casing (after Wittle and Hill, 2006; Wittle et al., 2008a, 

2008b, 2008c)
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For AC electrical current, however, they also depend upon capacitive and 
inductive losses. Capacitive loss, in DCEOR, usually involves current leak-
age to the formation and is generally not a significant concern. Inductive 
losses for AC signals, however, can become considerable, because of induc-
tive coupling to the earth, from the long cables and/or casing between the 
generators, at the surface, and the downhole and/or surface electrodes. 

Figure 3.21 compares DC and 60 Hz AC power losses for different trans-
mission line current strengths and well depths, using a common vertical 
(power loss) scale. All of the DC currents (up to 500 A) fall along the hori-
zontal axis of figure 3.21, with insignificant power loss, even to depths of 
10,000 ft. By contrast, for a 10,000 ft. well, the 60 Hz 500 A system power 
loss is over 850 kW. Higher frequencies would fare even worse. This is 
the reason why AC heating has not been very successful, except for very 
 shallow reservoirs, and extremely short electrode spacings.

3.10 DCEOR Field Demonstrations

Multiple DCEOR field demonstrations have been conducted at heavy oil 
fields in the Santa Maria Basin of California (USA), Lloydminster Heavy 
Oil Belt of Alberta and Saskatchewan (Canada), and Golfo San Jorge Basin 
of Santa Cruz (Argentina). 

Figure 3.21 DCEOR simulation results: Comparison of AC and DC electrical power loss 

for various casing depths (after Wittle and Hill, 2006; Wittle et al., 2008a, 2008b, 2008c)
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3.10.1  Santa Maria Basin (California, USA) DCEOR Field 
Demonstration 

The Santa Maria Basin, California (USA) field DCEOR demonstrations, 
including breaks for data analyses and laboratory testing, lasted over 6 
years. Figure 3.22 shows a typical short-term field production test. Within 
five days of initiating DCEOR, the daily production rate improved approx-
imately tenfold.

The Santa Maria Basin demonstration reservoir was a 100-ft thick 
unconsolidated sand at a depth of approximately 2,800 ft below ground 
surface (BGS). Prior unsuccessful EOR technologies had included steam-
flood and cyclic (Huff and Puff) steam injection. 

Table 3.2 summarizes the Santa Maria Basin field DCEOR performance, 
compared to the baseline production. DCEOR increased the oil produc-
tion by an order of magnitude (10-fold). At the same time:

• The water cut dropped to about 25% of the baseline 
performance

• API Gravity increased from 8.1° to 10.7°
• Oil viscosity decreased significantly, with the DCEOR pro-

duced crude viscosity only about 41% of the baseline value
• Gas production essentially doubled from the baseline value, 

with DCEOR

Figure 3.22 Santa Maria Basin (California, USA) short-term DCEOR demonstration, 

(after Wittle and Hill, 2006a & 2006b; Wittle et al., 2008a, 2008b, 2008c, 2011)
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• The produced gas energy content (PGEC) increased by a 
factor of 1.5

• The H
2
S production dropped from 2,290 ppm to 2 – 40 ppm

The viscosity, API Gravity and PGEC changes are consistent with in-situ 
Cold Cracking, with DCEOR breaking down complex hydrocarbon mol-
ecules into simpler liquid hydrocarbons and gases. The near complete 
destruction of H

2
S suggests that the DCEOR is electrochemical, rather 

than temperature related. These results and conclusions are consistent with 
those of Döring et al. (2000, 2001, 2003) for DC electrokinetic soil reme-
diation projects.

Table 3.3 summarizes the DCEOR light (C
1
–C

9
) hydrocarbon and 

hydrogen (H
2
) production, in comparison to the baseline production. 

With the exception of methane (C
1
), these results are consistent with some 

type of in-situ Cold Cracking. The decrease in methane content may be due 
either to difficulties in capturing this light hydrocarbon, during the base-
line production and/or the destruction of methane to hydrogen gas (H

2
), 

which went from non-detect to 1.9%.
Table 3.4 compares the oil production efficiency for DCEOR, cyclic (huff 

and puff) steam injection, and steamflood, for the Santa Maria Basin field 
demonstration reservoir. DCEOR was approximately 185 times as efficient 
as “huff and puff ” and 613 – 1,083 times more effective than steam flood. 

Table 3.2 Santa Maria Basin (California, USA) comparison of DCEOR field 

demonstration to baseline field performance (after Wittle and Hill, 2006a, 2006b; 

Wittle et al., 2008a, 2008b, 2011)

Item Baseline Production DCEOR Production

Production Rate (BOPD) 5 50

Water Cut (%) 45 12

Oil API Gravity 8.1° 10.7°

Gas Production (SCFPD) 1,750 -2,000 3,800

Produced Gas Energy 

Content (BTU/SCF)

1.197 1.730

H2S Content (ppm) 2,290 2-40

Viscosity (cps@ 100°C) 51,747 21,275
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Table 3.3 Santa Maria Basin (California, USA), DCEOR field demon-

stration changes in produced gas composition (after Wittle and Hill, 

2006b; Wittle et al., 2008a, 2008b, 2011)

Hydrocarbon 

Species

Baseline

(%)

DCEOR

(%)

C
1

85.4 45.89

C
2 

2.06 4.22

C
3

2.60 10.02

Iso C
4

0.53 2.65

N-C
4

1.35 6.93

Iso C
5

0.69 3.76

HC
5

0.63 3.42

C
6

0.79 3.99

C
7

0.57 2.57

C
8

0.29 0.56

C
9

0.46 0.19

H
2

- 12.90

Table 3.4 Santa Maria Basin (California, USA), Comparison of DCEOR, cyclic 

steam injection, and steam flood oil production efficiencies (after Wittle and Hill, 

2006a & 2006b; and Wittle et al., 2008a, 2008b, 2008c, & 2011)

Recovery Method BTU/Incremental Bbl Produced

DCEOR 7,014

Cyclic (Huff & Puff) Seam Injection 1,300.000

Steam Flood 4,300,000 – 7,600,000

This reservoir is at a depth of approximately 2,800 ft, significantly deeper 
than the 2,000 – 2,500 ft practical limit for steam injection. The production 
efficiencies of Table 3.4 reflect that.

The Santa Maria Basin DCEOR field demonstrations ended when oper-
ator was unable to control fines production cost-effectively with the avail-
able technology.
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3.10.2  Lloydminster Heavy Oil Belt (Alberta, Canada)  
DCEOR Field Demonstration

The Lloydminster Heavy Oil Belt DCEOR Field demonstrations, including 
breaks for data analyses and laboratory testing, lasted over 2 years. As with 
the Santa Maria Basin Field Trial, the Lloydminster Field operator had dif-
ficulty with fines production.

The Lloydminster Heavy Oil Belt demonstration reservoir was an 11m 
(36.3 ft) thick unconsolidated, braided stream sand at a depth of approxi-
mately 517 m (1,706 ft) BGS, with a 1.5m (4.95 ft) shale break 3m (9.9 ft) 
below the top. The well used for this DCEOR demonstration appeared to 
have missed the main channel sands of the field and, if possible, was an 
even worse performer than the well used for the Santa Maria Basin dem-
onstration. Baseline production was approximately 2.32 bbl/day (heavy) 
oil with a 73% BS&W cut, on pump.

The Lloydminster Heavy Oil Belt demonstration evaluated cyclic 
DCEOR, as shown in figure 3.23. Production rates rose with each power 
cycle.

Table 3.5 summarizes the Lloydminster Heavy Oil Belt field demon-
stration. Average DCEOR production was 5.78 Bbl/day with a 2.8 % water 

Figure 3.23 Lloydminster Heavy Oil Belt (Alberta, Canada) DCEOR field demonstration, 

showing the effects of cyclic power application (after Wittle et al., 2008c). Production 

declines indicate “power off ” periods.
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cut, compared with baseline values of 1.32 bbl/day and 31 % water cut. 
This was a 4.38 fold production increase with a 91 % water cut reduction. 
The fluid level in a nearby observation well also rose approximately 60m, 
when the DCEOR system was activated. The oil production efficiency was 
approximately 23.7 BTU/Incremental bbl produced. This DCEOR pro-
duction efficiency value was comparable to steam flood for this shallow, 
heavy oil field.

3.10.3  Golfo San Jorge Basin (Santa Cruz, Argentina)  
DCEOR Field Demonstration

The Golfo San Jorge Basin DCEOR Field demonstration was conducted 
over a period of 51 days (Stainoh, 2011). Golfo San Jorge Basin reservoirs 
are interbeded fluvial Cenozoic tuffaceous sandstones (Sylwan, 2001). 

The Golfo San Jorge Basin field demonstration reservoir was a 20m 
(66 ft) thick consolidated, braided stream sand at a depth of approximately 
820m (2,706 ft) BGS. The well used for this DCEOR demonstration was a 
former field production well converted without any modifications to be the 
DCEOR cathode and production well. Baseline production was approxi-
mately 11.46 bbl/day, 15.17° API gravity (heavy) oil with a 96% BS&W cut, 
on pump.

Table 3.6 summarizes the Golfo San Jorge Basin DCEOR field dem-
onstration. Average DCEOR production was 69.79 bbl /day with a 61 % 

Table 3.5 Lloydminster Heavy Oil Belt (Alberta, Canada) comparison of 

DCEOR Field demonstration to baseline field performance (after Wittle et al., 

2008c)

Item Baseline Production DCEOR Production

Production Rate (BOPD) 1.32 5.78

Water Cut (%) 31 2.8

Oil API Gravity NA N/A

Gas Production (SCFPD) Nil Minimal

Produced Gas Energy 

Content (BTU/SCF)

- -

H2S Content (ppm) None None

Viscosity (cps@ 100°C) 10,275 6,230
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BS&W cut, compared to baseline values of 11.46 bbl/day, with a 96 % water 
cut. This represents a 5.09 fold production increase, with a 34% decrease 
in water cut.

3.11 Produced Fluid Changes

The DCEOR demonstrations at oilfields in the Santa Maria Basin, 
Lloydminster Heavy Oil Belt and Golfo San Jorge Basin all suggest that 
DCEOR may change the chemistry of the produced fluids. These results 
were not expected, at the time, and have been the subject of consid-
erable discussion, since. Increased oil production and reduced water 
cut were expected, but not the other results. The higher API gravity, 
increased gas production and increased BTU content of the produced 
gasses, were initially attributed to in-situ thermal cracking, due to joule 
heating of the formation. Joule heating, however, could not explain the 
dramatic reduction in produced H

2
S. The DCEOR field demonstration 

production wells were also cathodes for the DCEOR system. Because of 
this, the production of OH- ions by electrolysis at the cathode was con-
sidered a potential explanation for chemical changes in the produced 
fluids. 

A recently developed low current density electrical soil remediation 
technology (Döring, 1993 & 1996) called Electro-Chemical Geo-Oxidation 

Table 3.6 Golfo San Jorge Basin (Santa Cruz, Argentina) DCEOR Field 

 demonstration to baseline field Performance (after Stainoh, 2011)

Item Baseline Production DCEOR Production

Production Rate (BOPD) 11.46 69.79

Water Cut (%) 96 61

Oil API Gravity 15.17° 18.42°

Gas Production (SCFPD) N/A N/A

Produced Gas Energy 

Content (BTU/SCF)

- -

H2S Content (ppm) N/A N/A

Viscosity (cps@ 50°C) 2,854 640
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(ECGO) provides insight for yet another potential explanation of the Santa 
Maria Basin DCEOR results. 

Figure 3.24 shows a series of Gas Chromatography Mass Spectrograph 
(GCMS) spectras taken at various times during in-situ ECGO remediation 
a large-scale poly-aromatic hydrocarbon (PAH) contaminated soil site. 
The GCMS spectra vertical axes are relative to hydrocarbon (HC) species 
concentration. The horizontal axes are residence times, which are related 
to the HC species complexity. 

The simpler PAH species are vaporized with shorter residence times 
(left end of the axis), while the more complex species require longer resi-
dence times (right end of the axis). Over the course of the site remediation, 
the GCMS spectra peaks shift from complex to simpler hydrocarbons (i.e., 
to the left, on the GCMS spectra), suggesting a possible in-situ breakdown 
of the complex PAH molecules to simpler hydrocarbon daughter products. 
The measurement samples were not collected near the electrodes, but from 
the body of the contaminated soil site. As a result, the chemical changes in 
the PAH were not just occurring at the cathodes, or as a result of electrode 
reactions.

Figure 3.24 EC PAH destruction documented by GCMS changes, with time, During 

Treatment (after, Döring et al, 2000). Vertical axes are abundance in ppm; horizontal axes 

time, in minutes.
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3.12 Laboratory Measurements

The DCEOR demonstrations at oilfields in the Santa Maria Basin, 
Lloydminster Heavy Oil Belt and Golfo San Jorge Basin all exhibited: 

• Increased oil production
• Reduced water cut
• Increases in API gravity of the produced crude

Controlled laboratory tests were developed to further evaluate these 
field results. Standard petroleum Special Core Analysis Laboratory (SCAL) 
electrical and flow measurements involve small (1in diameter by 1 – 2 in 
long) samples housed in Hasler Load Cells, for short term (hours to days) 
tests. Using these types of tests for investigating the mechanisms involved 
with DCEOR present the following problems:

• The weeks to months involved in the DCEOR field demon-
strations create considerable electrode reaction products at 
the anodes and cathodes, which could overwhelm any reac-
tions occurring with in the standard petroleum SCAL test 
sample.

• The very low (μV/m – mV/m) potential gradients involved 
in the DCEOR field demonstrations are extremely difficult 
to maintain in a laboratory environment.

• Synthetic surrogate reservoir formation, crude, and brine 
samples often used for laboratory measurements may not be 
representative of the actual reservoir material.

To overcome these test design problems, Electro-Petroleum, Inc. (EPI: 
Wittle and Hill, 2006a and 2006b; Wittle 2008a, 2008b, 2008c, and 2011) 
and P + P Geotechnik GmbH (P + P: Döring, 1993, 1996) used large (0.5 – 
1.0 m2) samples for laboratory testing. 

Figure 3.25 and Table 3.7 describe the progress of a large-scale (~1 m3 
volume sample) laboratory test conducted on a California heavy oil field 
reservoir rock, via Gas Chromatograph-Mass Spectroscopy analyses of 
samples collected from the test sample at the start of the DCEOR test (red 
curve of figure 3.25) and after 74 days (black curve of figure 3.25). 

The more complex hydrocarbon molecule abundances (right end of 
the figure 3.25 spectras) have been reduced, while the simpler molecule 
abundances (left end of spectras) have increased, as a result of this 74-day 
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DCEOR treatment. As with the case, for the ECGO PAH remediation, the 
samples for the spectras in figure 3.25 were not collected at the cathode, 
but from the ~ 1 m3 sample. 

Figure 3.26 shows viscosity changes during similar large volume 
DCEOR laboratory tests, involving crudes from two California heavy oil 
fields. There are significant declines in viscosity (at constant temperature) 
for both of these crudes, during the course of the tests.

The results shown in figures 3.25 and 3.26 are consistent with the Santa 
Maria Basin Lloydminster, and Golfo San Jorge Basin field DCEOR results 
as well as the ECGO GCMS spectra of figure 3.24.

Table 3.7 California heavy oil field reservoir (rock and crude) laboratory test 

GCMS results

GCMS Spectra Property Base Line Sample 74 Day Sample

Spectra Peak abundance 2,100,000 2,750,000

Spectra Peak Location (min) 19.05 18.40

Spectra Peak Half-Width 

Abundance

1,050,000 1,375,000

Spectra Peak Half Width (min) 13.2 – 24.5 14.45 – 22.9

Spectra Tail Extensive to 49 min Insignificant after 

30 min
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Figure 3.25 Laboratory San Joaquin Valley (California, USA) heavy oil field reservoir 

rock laboratory DCEOR test (after Wittle and Hill, 2006a & 2006b; Wittle, et al., 2008a, 

2008b, 2008c, & 2011). GCMS Spectra: Vertical axis is abundance, while horizontal axis 

is retention time (corresponding to HC complexity) in minutes. Red curve - start of test. 

Black curve - after 74 days of DCEOR. 
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3.12.1 Electrokinetics and Effective Permeability

Figure 3.27 illustrates the effect of DC current application on fluid flow 
in a micro-darcy fine grained silty-clay. The effective permeability, in this 
laboratory test, increases 1 to 1.5 orders of magnitude, when electrical 
current is applied. This is consistent with the approximately 60m rise in 
the fluid level of a monitoring well, during the Lloydminster Heavy Oil 
Belt, DCEOR field demonstration, and the USC electro-osmosis results 
described earlier and with the results of Chilingar et al. (1970). 

Viscosity = –65.444Days + 4520.345

Viscosity = –23.718Days + 2635.115
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Figure 3.26 California, USA, Heavy Crude viscosity changes during DCEOR laboratory 

tests (after Wittle et al., 2008a, 2008b, 2008c, & 2011)

Figure 3.27 Changes in effective permeability, due to the passage of DC current (after, 

Pamukcu, and Pervizpour, 1997) 
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Several successful laboratory and field tests, using DC electrical cur-
rents to introduce bacteria and nutrients into fine-grained sediments were 
conducted at the University of Southern California (Chilingar et al., 1997). 
The process, termed “Electro-Bio-Remediation”, utilized DC electrical cur-
rents to force bacteria and nutrients into these very low permeability soils 
and rocks to remediate light hydrocarbon (gasoline and diesel) contamina-
tion from spills.

3.12.2 Sulfur Sequestration

The dramatic Santa Maria Basin H
2
S reduction, during DCEOR, raised 

questions as to whether these results were due to preferential production, 
or actual sulfur sequestration. Table 3.8 summarizes some preliminary lab-
oratory results, which suggest that DCEOR moves sulfur from the hydro-
carbons to the brines, in-situ.

3.12.3 Carbonate Reservoir Laboratory Tests

An earlier discussion (above) indicated that carbonate reservoirs, because 
they tend to be preferentially non-water wet, might behave differently than 

Table 3.8 Laboratory evaluation of DCEOR sulfur sequestration studies (after 

Wittle, 2007)

Oil System 

Sample

Initial % 

Sulfur in  

Oil

Initial % 

Sulfur in 

Electrolyte

Final % 

Sulfur in 

Oil

Final % 

Sulfur in 

Electrolyte

Thriophene in 

Mineral Oil

1.24 0.00 0.20 2.96

Thriophene in 

Mineral Oil

1.33 0.01 0.15 1.31

Thriophene in 

Mineral Oil

2.71 0.00 0.30 1.50

Thrianapthalene 

in Mineral Oil

3.77 0.00 5.23 0.80

Thrianapthalene 

in Mineral Oil

6.17 0.07 4.90 0.64

Crude Oil 6.13 0.00 4.57 0.80

Crude Oil 6.13 0.00 4.57 0.80
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clastic reservoirs, unless the carbonate reservoir throats were lined with 
clay minerals. Muhammad Haroun, and his students at the Petroleum 
Institute Abu Dhabi, have conducted a series of small scale (1 in diameter 
by 1.5 in long core plug) laboratory carbonate DCEOR assisted water flood 
experiments Ansari, et al, 2012; Haroun et al, 2009, 2013). 

The small sample size is subject to the electrode reaction product risks, 
cited above, in spite of the authors’ best attempts, including flushing the 
sample holder electrode chambers during the tests. The potential gradients 
of 2 V/cm are much higher than possible for field operations and may skew 
the results. Finally, the aggressive core cleaning and restoration utilized by 
the authors risks irreversibly altering the electrochemical properties of the 
cores. Timur (1992) attributed the following quote from M. R. J. Wyllie:

“The only thing we can say, for certain, about core measurements is that 

they come from rocks which are no longer part of the reservoir”

With the above disclaimers:

• Haroun, et al. (2009) reported increased waterflood and sur-
factant injection rates with DCEK aided flow.

• Ansari et al. (2012) and Haroun et al. (2012) reported 
increased oil recovery with DCEK assisted waterflood.

3.13 Technology Comparisons

Any emerging technology needs to be compared to both existing and other 
emerging technologies. 

3.13.1 Comparison of DCEOR and Steam Flood Efficiency

Table 3.4 compares DCEOR oil recovery efficiency (energy expended/
incremental oil produced) during the Santa Maria Basin, California field 
demonstration to steam flood and cyclic (Huff and Puff) steam injection, 
in the same field. For this particular field, with the reservoir at a depth of 
about 2800 ft BGS, DCEOR was considerably more efficient than either 
steam flood or cyclic steam injection. 

The Lloydminster Heavy Oil Belt well pay zone was much shallower 
(517 m or about 1,700 ft BGS). No details on these tests are available, but 
the DCEOR and steam injection efficiencies for this well were considered 
to be comparable. 
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The Santa Maria Basin vs. Lloydminster efficiency comparisons reflect 
the practical depth range of steam injection EOR.

3.13.2 Comparison of DCEOR and Steam Flood Costs

Table 3.9 compares the costs of a potential 20 acre DCEOR operation to 
that of a comparable 20 acre San Joaquin Valley, California (USA), steam 
flood operation. This comparison was developed jointly with a representa-
tive of a major San Joaquin Valley heavy oil producer, with extensive steam 
flood experience. The dollar cost figures are in 1998 U$S, not adjusted for 
inflation. 

While the capital, design and installation cost estimates, for the two 
EOR technologies are close, steam flood installation costs are front-loaded, 
while the DCEOR system can be added incrementally, spreading its costs 
over the life of the project. Current approaches, involving intermittent 
energizing of individual subsurface cathodes, would reduce the number 
of surface power converters and anode arrays needed. This new approach 
could significantly reduce DCEOR capital costs. Annual energy costs are 

Table 3.9 Comparison of DCEOR and Steam-Flood cost estimates (Wittle and 

Hill, 2006a, 2006b). All costs are in terms of 1998 U$S, uncorrected for inflation.

Item Steam-Flood1 DCEOR2

Capital, Design, & Installation Costs 

(U$S)3

$3,400,000 $3,125,300

Annual Energy Costs (U$S)4 $ 620,800 $ 86,200

Non-Energy O&M Costs (U$S/Bbl)5 $2.23 $0.45

Equipment Life Expectancy (yr.) 7 10

1Steam-Flood figures from San Joaquin Valley, California, for 8 x 2.5 A 5-spots (20 A total), 

with 8 steam injectors and 15 1,500 ft. production wells with associated generation, com-

pression, and transmission equipment.

2DCEOR figures extrapolated from Santa Maria Basin and Lloydminster Heavy Oil Belt 

Field Demonstrations, for 6 power converters, and surface anode arrays with 23 subsurface 

cathodes located in production wells covering a 20 A footprint.

3Exclusive of normal production well costs. Steam-Flood costs are front loaded, whereas 

DCEOR costs can be incremental, over the project life cycle.

4Steam-Flood: 155,200,000 cu ft/yr Natural gas at U$S 0.40/Therm

DCEOR: 862,000KW-hr/yr at U$S 0.10/kW-hr.

5Exclusive of Lifting Costs.
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much lower for DCEOR, than for steam flood. Non-energy O&M costs for 
DCEOR are also much lower than those for steam flood. DCEOR equip-
ment is virtually maintenance free, and can be monitored remotely. This 
also translates into longer equipment life expectancy and lower operating 
costs than that needed for steam injection technologies. 

3.13.3 Comparison of DCEOR to Other EOR Technologies

Table 3.10 compares DCEOR to other emerging, as well as commercial 
EOR technologies. DCEOR appears to have the following advantages:

• Heat is generated in-situ, via joule heating
• It does not use a working fluid
• It does not need a significant water supply
• It reduces water cut
• It is independent of permeability
• There are no Thief Zone concerns
• There is no apparent depth limit
• There are no emissions concerns
• There are no hazardous chemical concerns
• It increases apparent permeability
• Electro-kinetics positively influence produced fluids and 

flow

The biggest DCEOR limitation, to date, appears to be its limited field appli-
cation portfolio. This will change with additional field experience. 

3.14 Summary

The following conclusions can be drawn, about DCEOR:

• There have been three encouraging field demonstrations, to 
date

• It appears to facilitate beneficial chemical changes in the 
produced fluids

• It appears to be cost competitive, to steam flood, for shallow 
reservoirs, and less expensive for deeper reservoirs

• There are no Tight Zone or Thief Zone problems
• There is no water or other working fluid requirement 
• It reduces water cut
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• There are no greenhouse gas emission or hazardous liquid 
problems 

• Facility installation is incremental, so that capital costs can 
be spread over the life of the field

• There appear to be no depth limits to the DCEOR technology 

Nomenclature

AC = Alternating Current
Bbl = Barrels
BGS = Below ground surface
BOPD = Barrels oil per day 
BTU = British thermal unit
BTU/SCF = British thermal unit/standard cubic foot
COF = Cost of finding
COL = Cost of Lifting
D

i
 = Ionic diffusion coefficient tensor

D
p
 = Particle diffusion coefficient tensor

DC = Direct Current
E = Local Electric Field Vector
ECGO = Electro-Chemical Geo-Oxidation
DCEK = Direct Current Electrokinetics
DCEOR = Electro-Enhanced Oil Recovery
Eh = Electron activity
EM = Electro-Magnetic
EOR = Enhanced Oil Recovery
EPI = Electro-Petroleum, Inc.
GCMS = Gas chromatograph mass spectrograph
GE = General Electric
I = Electrical current
J = Electrical current density vector
J

i
 = Generalized flux (vector)

K =  Thermal conductivity tensor
k = Absolute Permeability tensor
L

ij
 = Generalized coupling coefficient (tensor)

O&M = Operations and maintenance
P = Circuit element power loss
P

T
 = Total power loss

p
xyz

 = Local power loss
PAH = Poly-Aromatic Hydrocarbon
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PGEC = Produced gas energy content
pH = Hydrogen ion activity
R = Resistance
RF = Radio Frequency
SCFGPD = Standard cubic feet gas per day
SAGD = Steam Assisted Gravity Drainage
USC = University of Southern California
US$ = Dollars, U.S.
ΔV = Circuit element voltage drop
∇ = Vector gradient operator
⊕ = Dot (inner) vector product

 = Volume integral with no limits

| | = Magnitude
μ = Fluid viscosity
σ = Local electrical conductivity tensor
ρ = Local electrical resistivity tensor
Ø = Electrical potential field
Ø

j
 = Generalized potential field
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4.1 Introduction

This chapter is presented to show that EEOR is not only applicable to sand-
stone but also to carbonate reservoirs. Numerous experiments were con-
ducted in one of the most active electrokinetics laboratories by the principal 
author on numerous carbonate reservoir cores from Abu Dhabi producing 
oilfields. Haroun et al. (2009ab, 2012ab, 2013) published numerous papers 
on the subject. 

Research on EEOR in carbonates is continuing at the University 
Research Center of the Petroleum Institute in Abu Dhabi. The first onshore 
pilot test in a carbonate reservoir in Abu Dhabi will also be made in the 
near future under the supervision of the authors. 

4
EEOR in Carbonate Reservoirs
By Mohammed Haroun, George V. Chilingar, Arsalan Ansari* and  

Nabeela Al Kindy*

* Petroleum engineering graduate students, Petroleum Institute, Abu Dhabi
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4.2  Electrically Enhanced Oil Recovery (EEOR) –  
EK Assisted WF

Many waterflooding operations in carbonates present serious problems 
because of the plugging of pores by clays, bacteria, etc. Even greater prob-
lems occur in tight carbonate rocks, i.e., when water “does not move in”. By 
applying DC current, the water moves in much better (e.g., see figure 4.1 
and figure 4.2). 

This increase in the oil recovery obtained from application of DC elec-
trokinetics can be explained due to the hydrodynamic flow supported by 
the electrokinetic flow, which is the motion of liquid induced by an applied 
potential across a porous material, capillary tube, membrane, micro chan-
nel, or any other fluid conduit. This electrokinetic phenomenon is signifi-
cantly enhanced when the flow takes place across small conduits especially 
in oil-wet reservoirs where most of the oil is by-passed. 

The increment in displacement efficiency of about 10-17% results in an 
increase in residual water saturation of about 4-17%. This is due to the 
decrease in oil saturation in the cores as the core plug turns into water-wet 
from an oil-wet initially.

The average reservoir flow rate of 0.1 ml/min was used corresponding to 
the average flow rate of 1 ft/Day in carbonate reservoirs. It was shown that 
a lower flow rate of 0.1ml/min yielded higher oil displacement efficiency 
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Figure 4.1 Displacement Efficiency (%) versus number of injected pore volumes in 

experiments conducted on a 1-in core at a flow rate of 0.1 ml/min. 
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Figure 4.2 Displacement Efficiency (%) versus number of injected pore volumes in 

experiments conducted on a 1.5 -in core at a flow rate of 0.25 ml/min.

for EK-assisted waterflooding; about 3-4% more when compared to what 
was achieved during high flow rate experiments. This is due to an extended 
contact time of brine with the core plug leading to a greater migration of 
the oil left in the formation pores as mentioned by Amba et al. (1965). 
Furthermore, there is also continuity of a significant oil recovery in the 
EK assisted waterflooding as a small pore volume is injected for a longer 
period of time, effectively dragging the oil molecules along the interface of 
the mobile layers.

It was observed that electrochemically enhanced reactions resulted in 
an upgrade of the crude oil, while Joule heating also increased the mobility 
of fluids further.

4.3  SMART (Simultaneous/Sequential Modified 
Assisted Recovery Techniques)

The main objective of surfactant flooding in carbonates is wettability 
alteration and the reduction of interfacial tension (IFT). For more details 
on conventional surfactant-flooding, see Ziegler (1988), Wu et al. (1996), 
Seethipalli et al. (2004), Manrique et al. (2004,2007), Xie et al. (2005), 
Alkafeef et al. (2007), and Haiyang et al. (2011).  
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EK- Surfactant/EK-Nano/EK-Low Acid Concentration:

1. Conventional flooding
Chemical EOR has a number of different advantages of enhancing 
recovery in carbonates as follows:

• Reduces interfacial tension
• Alters wettability
• Enlarges displacement efficiency particularly in oil-wet 

reservoirs
• Increases Recovery Factor

Conventional acidizing has a number of different advantages of 
enhancing recovery in carbonates as follows:

• Enhances permeability
• Increases connectivity of previously uncommunicating 

pores through enlarged conduits and, therefore, increases 
oil recovery

However, this technology is limited due to:

• High consumption costs during injection of chemicals 
due to losses by adsorption/absorption.

• The depth of penetration of acid, nano or surfactant in 
the rock formation is very low.

• It may not be economically feasible.

2. Sequential/Simultaneous EK-assisted surfactant-flooding/ 
EK-assisted nanoflooding / EK-assisted low HCl concen-
tration EOR

SMART EOR provides an approach for having efficient and pre-
cise flooding in carbonates resulting in:

• Reduced IFT, altering wettability and enlarging displace-
ment efficiency particularly in oil-wet reservoirs

• Negligible or minimal losses by adsorption/absorption 
on the rock surfaces

• Precise targeting of by-passed oil
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• Guiding acid/surfactant/nano through the micropore 
throats by EK

• Increasing Recovery Factor
• Enhancing depth of penetration
• Reducing surfactant and water consumption
• Better economic and environmental feasibility

The tested core plug where conventional acidizing was performed, 
revealed significant fractures penetrating all the way to the sur-
face, rather than precisely delivering the acid front throughout 
the core plug. However, in the tested core plug with application of 
SMART EOR, the acid front exhibited a deeper depth of penetra-
tion and in turn, preserved the outer surface of the core plug from 
reacting with the injected acid.

4.4  (SMART EOR) Electrokinetic-Assisted 
Nano-Flooding/Surfactant-Flooding

Nanoparticles are used to enhance the recovery (Fletcher and Davis, 2010). 
Nanoparticles alter the properties of oil in order to assist in releasing the 
trapped oil. Ayatollahi and Zerafat (2012) showed that injecting particles 
1-100 nm in size reduced the viscosity of oil, allowing for greater mobil-
ity of fluids. They tested several compounds, including aluminum oxide 
(Al

2
O

3
) and iron oxide (Fe

2
O

3
), with Al

2
O

3 
giving the best results. 

Wettability can be affected by nanoparticles also (Ogolo and Onyekonwu, 
2010, 2012). For example, polysilicon nanoparticles (PSNP) change the 
wettability of a rock surface. Lipophobic and hydrophobic PSNP (LHPN) 
change wettability from oil-wet to water-wet or water-wet to strongly 
water-wet (Ogolo and Onyekonwu, 2012). According to them, this would 
increase the oil mobility. Haroun et al. (2012) tested Fe

2
O

3
, CuO, and 

NiO (50 nm) nanoparticles. Some of the results comparing simultaneous 
vs sequential application of EK assisted nano-flooding are presented in  
figures 4.3 and 4.4. Comparison between the EK-assisted nanoflooding 
and EK-assisted surfactant-flooding is presented in figure. 4.5.

Nano EOR application flooding has demonstrated promising potential 
in carbonate reservoirs by modifying the viscosity of the displacing fluid to 
yield increased oil recovery. Some nanoparticles have displayed stability at 
high temperature, high pressure and high salinity, making them compat-
ible with some of challenging carbonate reservoirs in the Middle East. 
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Figure 4.3 Displacement Efficiency using sequential application of EK-assisted 

nanoparticles (Haroun et al., 2012)
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Figure 4.4 Displacement Efficiency using simultaneous application EK-assisted nano-

flooding in water-wet carbonate core plugs (Haroun et al., 2012)

It was found that oil-wet core plugs experiments require approximately 
10 times the water consumption than that of water-wet core plugs at room 
temperature (figure 4.6). In addition, there was a higher yield in oil-wet res-
ervoirs as EK-assisted sequential nano-EOR produced 60% of the original 
displacement efficiency in oil-wet core plugs, while producing 35% of orig-
inal displacement efficiency factor in water-wet core plugs. However, the 
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highest displacement efficiency of 41% was observed in oil-wet core plugs 
at room temperature when SMART EOR was applied using EK-assisted 
nano-flooding in conjunction with surfactant and low concentration acid.

The simultaneous flooding reduces nanoparticles/surfactant and water 
consumption by 76% resulting in lower costs of CAPEX and OPEX. 
Additionally, the small amount of surfactant used reduces adverse environ-
mental impact as it can be easily disposed. However, an increased amount 
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Comparison between EK-assisted nanoflooding and EK-assisted surfactant-flooding (at 

room temperature).

Figure 4.6 Displacement Efficiency in water-wet vs. oil-wet carbonate core plugs using 

EK-assisted nano-flooding as a function of injected pore volume (at room temperature)
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of power consumption of approximately 18% will be required which can be 
reduced by optimizing certain parameters when up-scaling future experi-
ments currently being conducted at the PI-EKRC.

Smart EOR utilizes nanotechnology together with EOR. Nanotechnology 
and surfactant-flooding introduces catalysts into the formation to modify 
surface properties of the reservoir rock. EK Direct Current activates the 
catalytic activity. EK Direct Current is used as a driving force to transport 
oil, water and nanoparticles/surfactant in the formation. 
SMART EOR:

• Reduces IFT
• Reduces adsorption capacity of injected fluid on surface of 

carbonate reservoir rock
• Effectively uses EK driving force to guide low concentration 

acid nanoparticles, surfactants through the tortuous path 
with the smaller conduits in carbonate reservoirs.

• Alters wettability
• Increases permeability
• Increase displacement efficiency
• Targets the unswept oil by increasing depth of penetration of 

acid/nano/surfactant injected solution

Ansari et al. (2012) showed that the application of waterflooding on the 
carbonate cores of Abu Dhabi yields displacement efficiency of 46-60%, 
with additional 8-14% incremental displacement efficiency upon applica-
tion of EK. Also, an additional 8-20% displacement efficiency was achieved 
by the application of EK-assisted surfactant flooding (e.g., see figure 4.7). 

SMART EOR using EK simultaneous surfactant flooding generated 
better results by reaching a maximum displacement efficiency of 87% due 
to the precise targeted transport of surfactant through the micro-pores 
towards the cathode (producer) when compared to EK sequential surfac-
tant flooding displacement efficiency of 76%. In addition to this, there was 
also a 200% reduction in required injected pore volume during application 
of SMART EOR using EK simultaneous surfactant flooding when com-
pared to EK sequential surfactant flooding.

Therefore, EK-assisted simultaneous surfactant flooding achieved an 
early displacement efficiency plateau providing potentially increased envi-
ronmental and economic feasibility. As a result, it can be summarized that 
EK-assisted simultaneous flooding enhances displacement efficiency by 
6%, with an increased power consumption of 18%, and reduced water/sur-
factant consumption by 76%.
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4.4.1  Electrokinetic-Assisted Surfactant Flooding (SMART 
EOR) on Mixed to Oil-Wet Core Plugs

Simultaneous surfactant flooding produced 2.7% higher displacement 
efficiency or 20% more displacement efficiency related to original recov-
ery when compared to sequential surfactant flooding. This was accom-
plished while reducing the surfactant/water consumption by 55%. EK 
sequential surfactant flooding produces almost the same displacement 
efficiency while providing up to 25% reduced water consumption when 
EK is initiated after waterflooding at the 50% water cut instead of after 
waterflooding at the 100% water cut. Therefore, if EK is applied in a 
mature reservoir early enough, the efficiency of the EK process would 
be further enhanced due to a significant reduction in water footprint. 
Furthermore, sequential surfactant flooding requires a lower current 
density and power consumption when compared to the simultaneous 
surfactant flooding (figure 4.8). 
It was found that oil-wet core plugs require approximately 10 times more 
water consumption than water-wet core plugs at room temperature. In 
addition, SMART EOR resulted in a higher yield in mixed to oil-wet res-
ervoirs as EK-assisted sequential surfactant EOR produced 56% of the 

Figure 4.7 An example of different stages in SMART EOR (After Ansari et al., 2012)
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original displacement efficiency factor in oil-wet core plugs, while produc-
ing 28% of original displacement efficiency factor in water-wet core plugs.

4.5  Electrokinetics-Assisted Waterflooding with  
Low Concentration of HCl

Haroun et al. (2013) conducted experiments using a low concentration 
of hydrochloric acid (up to 1.4% strength) in EK-assisted waterflooding 
(e.g., see figures 4.9 and 4.10) in carbonates. The results demonstrate an 
exponential relationship between the acid concentration and permeabil-
ity enhancement. This indicates that the rate of increment of permeability 
enhancement is dropping with increased acid concentration as the acid 
properties change significantly with increasing concentration (Harris et al., 
1966). This is due to the significant increase in production of fines and clay 
colloidal particles that block the pore throats, reducing the permeability. 
Therefore, there might be an optimum acid concentration at which there is 
a maximum permeability enhancement (approximately 1.2% HCl), which 
can be determined if experiments are conducted on a wide range on tight 
core plugs.

An increase in voltage gradient to 2 V/cm enhances permeability only 
by 36%. This may be due to the fact that an increase in voltage gradient 
increases the EK driving force reducing the contact time between the rock 
and acid. Driving the acid faster lowers the rate at which the electro-chemi-
cally enhanced reactions can take place. A voltage gradient of 1 V/cm gives 
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Figure 4.9 Effect of SMART EOR using low concentration acid on permeability 

enhancement using 0.5, 1, and 2 V/cm.
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rise to a higher permeability enhancement of 43%, which is 5-9% higher 
than that with a gradient of 0.5 V/cm (41% enhancement). This is due to 
the electrophoresis phenomena of EK (Haroun et al., 2009) that results in a 
rigorous migration of clay colloids and micelles or fines emptying the pore 
throats and, thus, potentially increasing the permeability. Therefore, there 
is an optimum voltage gradient of about 1 V/cm which will be verified by 
further experimental work.

In addition to this, it was also observed that 1-inch core plugs achieve 
higher values of permeability enhancement by about 20-30% as compared 
to the 1.5-inch core plugs with a maximum of 70% enhancement in perme-
ability. This may be due to the reduced heterogeneity of 1-inch core plugs.

The displacement efficiency demonstrates an exponential relationship 
with the acid concentration. The increment in displacement efficiency 
decreases with increasing acid concentration as the curve approaches an 
optimum concentration beyond which the displacement efficiency factor 
starts to drop.  The clogging of pore throats beyond the optimum con-
centration may decrease the oil recovery due to a significant reduction in 
permeability. 

Another significant observation is that the effect of voltage gradient in 
increasing the displacement efficiency is not very dominant at lower acid 
concentrations. This indicates that an increase in acid concentration can 
significantly increase the displacement efficiency factor more than increas-
ing the voltage gradient. This is potentially caused by a reduction in the 
rate of movement of ions (anions and cations) between the anode and 
the cathode, reducing the electromigration effect (Wittle et al., 2008 and 
Pamukcu et al., 2009). 

At higher concentrations above 0.5%, the differences in displacement 
efficiency are observed and the maximum displacement efficiency of 89% 
was recorded in the case of 2V/cm potential gradient, as it produces the 
maximum EK driving force. At 1.0% acid concentration, when the voltage 
gradient increases from 0.5 V/cm to 1.0 V/cm, the displacement efficiency 
increases by 8%, but when the voltage gradient increases from 1 V/cm to 
2 V/cm, the displacement efficiency increases by 5%. Thus, the optimum 
voltage gradient needs to be determined.

4.6  Effect of EEOR and SMART EOR in Carbonate 
Reservoirs at Reservoir Conditions

Following are the first laboratory results to date on EEOR and SMART 
EOR at elevated temperature and pressure. The displacement efficiency was 
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further enhanced at temperature up to 120 oC and pressures upwards of 3,000 
psi, representative of some of the carbonate reservoirs around the world. It 
was interesting to note that the capillary number increased by up to 200% 
allowing increased recovery of the previously by-passed crude oil. In order to 
conduct representative tests of EEOR and SMART EOR, the reservoir tem-
perature, pressure and formation water composition was used in these tests. 
The formation water contained approximately 270,000 ppm TDS, allowing 
the required current density to be achieved with lower applied voltage.

A comparison of EEOR and SMART EOR results at elevated tempera-
tures and pressures has been summarized below (see figures 4.11 & 4.12 a 
and b). 

A new index, incremental displacement efficiency to incremental pore 
volume injected ratio (Incremental D.E.:PVi index), has been proposed 
to track the efficiency of the EEOR and SMART EOR process vs con-
ventional chemical EOR. It was observed that the Incremental D.E.:PVi 
index ranged from 2 to 4 for conventional EOR, while ranging from 6 
to 10 for EEOR and 15 to 27 for SMART EOR. This provides an indica-
tion of the improved EOR performance as a function of water footprint, 
providing a clear justification on the environomics of each tested EOR 
process.

4.7  Economics

The laboratory results of power consumption per incremental barrel of oil 
produced in reducing OPEX for EEOR on a current density basis are shown 
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by Al-Kindy et al. (2013). This was be achieved by identifying the desired 
target current density as a function of lithology, mineralogical  content, 
wettability, oil resistivity and formation water composition. Based on the 
field retrieved samples from producing Abu Dhabi oil fields, the optimum 
range of current density can be managed to reduce power consumption per 
incremental barrel of oil produced according to the desired anode to cath-
ode electrode spatial distance in the field. These results were comparable 
to those achieved by Wittle et al. (2008), on the EEOR pilot tests in Santa 
Maria, California, when using a spatial distance of 800 m between anode 
and production well (cathode).

Conclusions

Based on lab results, keeping in mind the experimental conditions and 
limitations, the following conclusions have been drawn:

• EK-assisted simultaneous flooding increased the oil displace-
ment efficiency by 6%, with an increased power consump-
tion of 18%, and reduced nano/surfactant consumption by 
76%. The following sequential trend was observed for the 
recovery under the four EOR strategies (WF, N/S, EKSQ and 
EKSM) studied. 

• EK-assisted simultaneous CuO nanoflooding produced supe-
rior results compared to EK simultaneous NiO nanoflooding:
• Displacement efficiency was enhanced by an additional 

10.34%
• Power consumption was reduced by 53%
• Water consumption was reduced by 57%

• EK-assisted sequential NiO nanoflooding also produced 
superior results to EK sequential CuO nanoflooding:
• Displacement efficiency was enhanced by an additional 

6.9%
• Power consumption was reduced by 40% 
• Water consumption was reduced by 21%

• EK-assisted simultaneous surfactant flooding generates 
2.7% enhanced displacement efficiency over EK sequential 
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surfactant flooding, while reducing the surfactant/water 
consumption by 55%. 

• EEOR yield higher displacement potential in oil-wet reser-
voirs as EK-assisted sequential surfactant EOR produced 
56% of the original recovery in oil-wet, while producing 
28% of original recovery in water-wet core plugs. 

• The maximum enhanced oil displacement efficiency of 
41% was observed in oil-wet core plugs at room tempera-
ture when smart EOR was complemented by EK assisted 
low concentration acid (450% increase from original yield) 
(Ansari et al., 2013).

• The incremental displacement efficiency due to EK is higher 
(30% increase from original yield on average) in oil-wet core 
plugs when compared to water-wet core plugs.

• SMART EOR produced a maximum of 89% oil displace-
ment efficiency while consuming 1.7 pore volume injected at 
HTHPHS: elevated temperature of 110oC, pressure of 5000 
psi and formation water salinity of 270k ppm TDS.

• Overall SMART EOR produced up to 27% increase in the 
ratio of incremental oil displacement efficiency to pore vol-
ume injected, while conventional chemical (nano/surfac-
tant) produced 2-4% increase in the ratio of incremental oil 
displacement efficiency to pore volume injected.

• SMART EOR can be customized based on reservoir fluid 
composition, rock mineralogy, oil specific gravity and resis-
tivity under HTHPHS to significantly improve oil displace-
ment while optimizing both power and water consumption 
levels.

Nomenclature

ADCO Abu Dhabi company for onshore oil operations
ADNOC Abu Dhabi National Oil Company
APG Alkyl Polyglycoside
CAPEX Capital Expenses
DC Direct Current
DE  Displacement Efficiency (Oil recovery in one dimensional 

flow across core plug)
D.E.:PVi  Incremental displacement efficiency: incremental pore vol-

ume injected index
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EOR Enhanced Oil Recovery

EEOR Electrically Enhanced Oil Recovery

EK Electrokinetics

EKSM Simultaneous Electrokinetics-Assisted Flooding

EKSQ Sequential Electrokinetics-Assisted Flooding

EKLAEOR Electrokinetics Low Concentration Acid EOR

HTHPHS High temperature-high pressure-high salinity

LHPN Lipophobic and Hydrophilic Polysilicon Nanoparticles

OOIP Original Oil-in-Place

OPEX Operational Expenses

OW Oil-wet

PI-EKRC  Petroleum Institute Electrokinetic Research Center

PSNP Polysilicon Nanoparticles

N/S Nano/Surfactant

RF Recovery Factor = DE* Volumetric sweep

Sequential  WF followed by conventional chemical EOR followed by 
EEOR

Simultaneous Chemical EOR applied simultaneously with EEOR

SMART  Simultaneous/Sequential Modified Assisted Recovery 
Techniques 

V/cm Volt per centimeter

WF  Waterflooding 

WW Water-wet
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5.1 Introduction

EK application for the recovery of reservoir oils has gained a lot of atten-
tion over the past decades. It has been reported to have great potential as 
a viable energy resource recovery application (Amba et al., 1964; Amba 
et al., 1965; Chilingar et al., 1968, 1970; Killough and Gonzalez, 1986; 
Wittle et al., 2006 a,b, 2008 a,b,c, 2011; Haroun et al., 2009; Hill et al., 2010; 
Ghazanfari et al., 2012a, 2012b; Al Shalabi et al., 2012; Ghazanfari, 2013). 
Upon application of direct current to the reservoir, EK phenomenon is 
activated near the solid-liquid interfaces inside the pores and a multi-
phase flow is generated and sustained by the EK assisted transport. Based 
on the available reports, the process has emerged to have advantage as a 

5
Mathematical Modeling of 
Electrokinetic Transport and 
Enhanced Oil Recovery In 
Porous Geo-Media
Ehsan Ghazanfari and Sibel Pamukcu
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non-drilling operation compared to other conventional methods and oil 
production is enhanced by simultaneous reduction of oil viscosity (Wittle 
et al., 2008 a,b; 2011; Haroun et al., 2009; Hill et al., 2010; Al Shalabi et al., 
2012; Ghazanfari, 2013). 

Mathematical models for petroleum reservoir simulation are valuable 
tools in predicting the oil production and visualizing reservoir flow pat-
terns. Mathematical modeling of EK enhanced oil recovery (EKEOR) is 
complex because of the need to integrate multi-phase flow and the EK 
transport processes. In this chapter, we first review the basics of EK trans-
port modeling and then provide results of initial work on modeling of 
EKEOR.

5.2 Basics of EK Transport Modeling

Laboratory and field observations on EK remediation of contaminated 
soils help to better understand the EK transport process. Many features 
of this transport can be understood from laboratory tests and field obser-
vations and employed to describe the physical process in a mathematical 
model, including the coupled flow and ion migration. A mathematical 
model of EK transport upgrades our understanding of the EK processes 
from direct observation to the general principles (Cao, 1997) and helps 
predict the efficiency of the EK remediation of a specific contamination 
substance (e.g., heavy metal ion), in a specific soil type. The EK transport 
models are usually calibrated using controlled laboratory experiments. 
Ultimately the model should support the field observations adequately so 
it can be used to predict the success of EK remediation process in the field 
application, for specific contaminant types.  

Mathematical modeling and simulation of the EK transport in porous 
geo-media (i.e., soil, rock) necessitates mathematical formulation of mul-
tiple transport processes, which are controlled by different variables. These 
variables include the products of the electrolysis reactions at the electrodes, 
soil pH and soil-surface chemistry, equilibrium chemistry of the aqueous 
system, electrochemistry of the contaminants, and geotechnical/hydrogeo-
logical characteristics of the porous medium (Shapiro and Probstein, 1993; 
Alshawabkeh, 1996). The EK transport models are based on a generally 
accepted transient coupled flow equation, which maintains conservation 
of mass and energy.

The complexity of transport processes necessitates simplifying assump-
tions that enables us to conduct numerical simulation. These assumptions 
include: (i) the soil medium is isotropic and saturated, (ii) the porous 



Mathematical Modeling of Electrokinetic 179

medium is a solid framework of cation exchange surfaces with the pore 
space occupied by chemically reactive species in aqueous solution, (iii) all 
fluxes are linear homogeneous functions of all driving forces (or poten-
tial gradients), (iv) isothermal conditions prevail (coupled heat transfer is 
neglected), (v) all the applied voltage is effective in fluid and charge trans-
port, (vi) electrophoresis is not present, (vii) soil particles are treated as 
electrically nonconductive (insulators), (viii) surface conductance and 
streaming potential are negligible, and (ix) hydraulic conductivity, coef-
ficient of EO permeability, and coefficient of volume compressibility are 
constant in time and space (Alshawabkeh, 1996).

Several mechanisms contribute to the transport of mass in porous geo-
media under applied electric field including hydraulic or fluid flow, ion, 
compound, and charge transport. In the following section a description 
of these transport mechanisms under the aforementioned assumptions is 
provided.

5.3 Fundamental Governing Equations 

5.3.1 Fluid Flux

Fluid flux in a porous medium due to applied hydraulic gradient is given 
by Darcy’s law as:

 J k hw

h

h= ∇ −( )  (5.1)

where, k
h
 is the coefficient of hydraulic conductivity (LT-1), and h is the 

hydraulic head (L). Microstructure, fabric, porosity, and pore size distri-
bution of the fine grain soils are the main factors that affect k

h
 and sig-

nificantly influence fluid transport under applied hydraulic gradient. Fluid 
flux due to the applied electrical gradient in a porous medium is given by 
the Helmholtz-Smoluchowski theory as: 

 J k Ew

e

eo= ∇ −( )  (5.2)

where, keo =
ex
m

 is electroosmosis permeability coefficient (L2V-1T-1), ε is 

permittivity of the medium (Farad.L-1), x is zeta potential (V), E is elec-
tric potential (V), and m is dynamic viscosity of pore fluid (FTL-2). 
Electroosmosis (EO) permeability coefficient depends mainly on porosity 
and zeta potential of the soil. The total fluid flux due to applied hydraulic 
and electrical gradients is given by:
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 J k h k Ew h eo= ∇ −( )+ ∇ −( )  (5.3)

The total one-dimensional fluid flux can therefore be found as:

 J k
h

x
k

E

x
w h eo= − ∂

∂
− ∂

∂
 (5.4)

Under combination of applied hydraulic and electrical gradients, con-
solidation of soil is expected to take place and influence the hydraulic 
conductivity value (k

h
) (Acar, et al., 1997). However, in the mathemati-

cal formulation of the process, k
h
 is generally assumed to be constant in 

time and space because of: (i) the lack of theoretical mechanisms that can 
describe and capture the effect of pore fluid chemistry on soil fabric and 
consequently the hydraulic conductivity, and (ii) the uncertainties in eval-
uating the hydraulic conductivities are more significant than the changes 
expected in its values. Also, the value of k

eo
 is usually assumed to be con-

stant during the EK process as long as there is no change in the concentra-
tion of ions or pH of the pore fluid, which is not always a valid assumption 
(Gray and Mitchell, 1967; Lorenz, 1969; Hunter, 1981).

The ratio of coefficient of EO permeability (k
eo

) to hydraulic conduc-
tivity (k

h
) significantly affects the contribution of each applied gradient 

to the total flux. Soil type, microstructure, and pore fluid conditions are 
among the factors that impact this ratio. In coarse-grained soils this ratio 
is very small due to almost non-existing EO flow and relatively high 
hydraulic conductivities (>10-3 cm/sec), whereas in fine-grained soils the 
ratio becomes significant as is usually in the order of 10-5 (cm2/V.sec), 
while is less than 10-5 cm/sec (10-7 cm/sec for clayey soils) (Acar et al., 
1997).

5.3.2 Mass Flux

Different coupled potential gradients cause the mass flux of chemical spe-
cies relative to pore fluids in porous media. Diffusional mass flux (i.e., 
mass transport due to chemical concentration gradient) and migrational 
mass flux (i.e., mass transport of charged species due to an electric poten-
tial gradient) are the main components that contribute to the mass flux of 
chemical species in porous media. Advection (i.e., species transport by the 
flowing fluid) is another component of mass flux of dissolved species, as 
well as surface neutral micelles and immiscible fluids. 
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Fick’s first law describes the diffusive mass flux of chemical species in a 
saturated soil medium under chemical concentration gradients as:

 J D Ci

d

i i= −∇* ( )  (5.5)

where, J
i
d is the diffusive mass flux of the ith chemical species per unit cross 

sectional area of the porous medium (ML-2T-1), C
i
 is the molar concentra-

tion of the ith chemical species (ML-3), and D
i
* is the effective diffusion 

coefficient of the ith chemical species (L2T-1). The migrational mass flux 
of the free ionic species in the soil pore fluid due to the applied electrical 
gradient is given by:

 J u C Ei

e

i i= ∇ −( )*  (5.6)

where, J
i
e is the migrational mass flux of the ith species (ML-2T-1), and u

i
* is 

the effective ionic mobility of the ith species (L2T-1V-1) defined as:

 u
D Z F

RT
i

i i*

*

=  (5.7)

where, Z
i
 is the charge of the ith species (Coulomb), F is Faraday’s constant 

(96,485 C/mo1 electrons), R is the universal gas constant (8.3144 J/Kmol), 
and T is the absolute temperature (K). The other contributing mechanism 
to the flux of species is advection by the soil pore fluid. The advective mass 
flux of species i relative to the soil particles is:

 J C C k h k EJi i w i h eo= = ∇ −( )+ ∇ −( )⎡⎣ ⎤⎦  (5.8)

where, C
i
 is the molar concentration of pore fluid. The total species mass 

flux (diffusion, migration, and advection) is given as:

 J D C u C E C k h K Ei i i i i i h eo= ∇ −( )+ ∇ −( )+ ∇ −( )+ ∇ −( )⎡⎣ ⎤⎦
* *  (5.9)

Figure 5.1 shows a schematic of mass transport profile of cationic and 
anionic species based on the assumption that water advection components 
(EO and hydraulic) act from anode to cathode. As observed in figure 5.1, 
the advective EO flow enhances transport of cationic species migrating from 
anode toward cathode, and retards transport of anionic species migrating 
from cathode to anode (Shapiro and Probstein, 1993; Acar et al., 1997).
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Further simplification of equation 5.9 results in:

 J D C C D k E C k hi i i i i eo i h= ∇ −( )+ +( )∇ −( ) + ∇ −( )* *  (5.10)

For one dimensional flow, the total mass flux of species i, is given by:

 J x D
c x

x
C D k

E

x
C k

h

x
i i

i

i i eo i h( ) = −
∂ ( )

∂
− +( ) ∂

∂
− ∂

∂
* *  (5.11)

As equation 5.10 implies, an applied electrical gradient results in two 
mass transport mechanisms, ion migration and EO advection. The relative 
contribution of the two mechanisms to species transport depends on soil 
and contaminant characteristics (Acar et al., 1997; Cao, 1997). Presence 
and content of clay minerals, the ionic strength of pore fluid, and pH sig-
nificantly affects the EO flow. For instance, acidic pore fluid conditions 
could reverse the charge on the clay mineral surface, and consequently the 
direction of EO flow (Lorenz 1969; Hunter 1981; Stumm 1992; Eykholt 
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Figure 5.1 Transport mechanisms of (a) cations and (b) anions (After Acar et al., 1997) 
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and Daniel 1994). On the other hand, ionic migration can occur in all soil 
types, including sand and gravel, and is affected by ionic strength and pH 
to a lesser extent compared to EO flow. 

5.3.3 Charge Flux

Upon application of direct current to a saturated soil medium, the electric 
field causes charge transport. The main components of charge flux in a sat-
urated soil medium are migration flux, and diffusion flux (due to the dif-
fusion of charged species). There is no contribution of the advective fluid 
transport to the charge transport. 

The current density in the pore fluid due to applied electrical gradient is 
given by Ohm’s law as:

 I E= ∇ −( )s*  (5.12)

where, I is the electric current density (CL-2T-1), and s* is the effective elec-
tric conductivity of the porous medium given as:

 s* *=
=∑ Z F Cj jj

Nspecies

uj1
 (5.13)

The migration charge flux can be related to the migration mass flux of 
species using Faraday’s law for equivalence of mass flux and charge flux as:

 I J u Ee

i

e

j= = ∇ −( )
= =∑ ∑Z F Z F Cjj

N

j jj

Nspecies species

1 1

*  (5.14)

Similar to the migrational charge flux, the diffusional charge flux due to 
the diffusional mass flux of charged species is evaluated using Faraday’s law 
of the equivalence of mass flux and charge flux as:

 I J Dd

i

d

j= = ∇ −( )= =∑ ∑Z F Z F Cjj

N

j jj

Nspecies species

1 1

*  (5.15)

The electrical neutrality of free pore fluid is preserved by:

 C Zj jj

Nspecies =
=∑ 0

1
 (5.16)
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The total charge flux (migration and diffusion charge flux) can be 
found as:

 I Dj= ∇ −( ) + ∇ −( )
=∑F Z C Ej jj

Nspecies * * ]s
1

 (5.17)

For one dimensional applications, the total charge flux will be given by:

 I
c

x

E

x

j= −
∂
∂

− ∂
∂=∑F Z Dj jj

Nspecies s*

1
 (5.18)

5.3.4 Conservation of Mass and Charge

Applying the conservation of fluid, mass and charge equation to fluid flux 
in saturated soil medium results in the following expression:

 
∂
∂

= −∇ = ∂
∂

= ∂
∂

e gV
w V V w

t
J m

u

t
m

h

t
 (5.19)

where, e
V
 is the volumetric strain of the soil mass, m

V
 is the coefficient of 

volume compressibility of the soil, u is the pore water pressure, g
w
 is the 

unit weight of water, h is hydraulic head, and t is time. Equation 5.19 is 
Terzaghi’s classical consolidation equation which describes the change in 
hydraulic head due to soil volume change. This equation becomes impor-
tant in cases where hydraulic gradients are also used to enhance transport 
under applied electrical gradient. 

The mass conservation equation describes transient reactive transport 
of i chemical species under hydraulic, electric, and chemical concentration 
gradients. Applying the conservation equation to mass transport of species 
i results in:

 
∂

∂
= −∇ +

nC

t
J nRi

i i   (5.20)

where, R
i
 is the production/consumption rate of the ith aqueous chemi-

cal species per unit fluid volume due to geochemical reactions, and n is the 
porosity of the soil. 

Applying conservation of charge to the charge flux equation, results in:

 
∂
∂

= −∇ = ∂
∂

T

t
I C

E

t
e

p  (5.21)
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where, T
e
 is the volumetric charge density of the soil medium (CL-3), and 

C
p
 is the electrical capacitance per unit volume (Farad.L-3). The equation 

describes the rate of change in the electrical potential required to maintain 
electrical neutrality of the medium. For zero net change in charge, zero 
electric capacitance (C

p
) is assumed for the soil.

5.3.5 Geochemical Reactions

In equation 5.20, reactive transport of charged species is controlled by 
rates of geochemical reactions (R). Electrolysis reactions at the electrodes 
significantly affect the pH and chemistry conditions at the boundaries 
(Alshawabkeh, 1996; Cao, 1997). The chemistry boundary conditions results 
in a complex system of geochemical reactions that include sorption, redox, 
and precipitation/dissolution reactions. The term could be written as:

 R R R Ri i

s

i

aq

i

p= + +  (5.22)

where, R
i
s represents the sorption term, R

i
aq is aqueous reactions terms, 

and R
i
p represents precipitation/dissolution reactions. Two approaches have 

been developed and used to describe chemical reactions in the literature 
including (i) the instantaneous equilibrium approach, and (ii) the kinetics 
approach (Kirkner and Reeves, 1988; Davis and Kent, 1990; Alshawabkeh 
and Acar, 1992, 1996; Stumm and Morgan, 1995; Cao, 1997). In the instan-
taneous equilibrium reactions species concentrations reach equilibrium 
instantaneously whereas in kinetic reactions approach concentrations in 
solution vary with time until they reach equilibrium (Acar et al., 1997). 
For several species, chemical reactions have been found to vary with time 
before reaching equilibrium. The kinetics approach is expected to be more 
realistic for modeling these reactions. However, one could assume chemi-
cal reactions reach equilibrium at a very short time (relative to transport 
time) and can use instantaneous equilibrium. Different geochemical mod-
els exist and one could incorporate these models for predicting rates of 
geochemical reactions during electric field applications. In the following 
section an overview of these reactions is provided. 

5.3.5.1 Sorption reaction

The following general term is considered for sorption evaluation:

 R
n

S

t n

S

t

C

t
i

s i i i=
∂
∂

=
∂
∂

∂
∂

r r
i = 1,2,…N (5.23)
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Where, r is the bulk dry density of the soil, S
i
 is the adsorbed concentration 

of the component per unit mass of the soil solids. The reversible term (
∂
∂
S

t
i ) is 

often used to describe the adsorption rate (Kirkner and Reeves, 1988; Davis 
and Kent, 1990). The equilibrium partitioning between the adsorbed phase 
and the aqueous phase of the chemical components are commonly measured 
under controlled temperature and applied pressure, and the resulting corre-
lations of S

i
 versus C

i
 are called adsorption isotherms. Different equilibrium 

models are used to describe sorption of heavy metals in soils. Assuming 
instantaneous equilibrium in sorption reactions and linear isotherms:

 
∂
∂

=
S

C
Ki

i

di  (5.24)

Where, K
di
 is the distribution coefficient of species i. Retardation factor 

(R
di
) is also introduced and used in modeling species transport to account 

for linear sorption expressed as:

 R
K

n
di

di= +1 r  (5.25)

The retardation factors of species i (R
di

) define the relative rate of trans-
port of a non-sorped species to that of a sorped species. For a non-sorped 
species, R

di
 = 1. Simple isotherm sorption models ignore the potential 

effects of variations in pH, solute composition and ionic strength, redox 
potential, or processes such as competitive adsorption. Alternatively, more 
robust and complicated sorption models include ion-or ligand-exchange, 
mass action models, and surface complexation models are also reported 
in the literature (Kirkner and Reeves, 1988; Davis and Kent, 1990; Stumm 
and Morgan, 1995; Bethke, 1996).

5.3.5.2 Aqueous reactions

In aqueous phase reactions, any complex j is the product of i’s reactant 
components expressed as:

 a C Xij i ji

Nc ↔
=∑ 1

 j = 1,2,…,N
x 

(5.26)

where, Ci is the chemical formula for component i, X j  is the chemical for-
mula for the complex j, a

ij
 is the stoichiometric coefficient in complex j for 

component i. The law of mass action implies that:
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 X K Cj j

eq

i

a

i

N
ijc=

=∏ 1
 j=1,2,…,N

x 
(5.27)

where, K
j
eq is the equilibrium constant for aqueous reaction j. The rate of 

accumulation of component i due to aqueous reaction j (R
ji
aq) is:

 R a Rji

aq

ji j=  (5.28)

The total rate of accumulation of component i due to all aqueous reactions 
is given as:

 R R a Ri

aq

ji

aq

j

N

ji jj

NX X= =
= =∑ ∑1 1  (5.29)

5.3.5.3 Precipitation/dissolution reactions

It is important to incorporate the precipitation/dissolution reactions in 
the mass transport model. In precipitation reactions, the chemical compo-
nents are assumed to be composed of products expressed as:

 P b Cj ij ii

Nc→
=∑ 1

   j=1,2,…,N
p 

(5.30)

Where, Pj  is the chemical formula for precipitate j, b
ij
 is the stoichio-

metric coefficient in precipitate j for component i, and N
p
 is the number 

of precipitates for component i. The production of the precipitate will not 
occur until the solution is saturated. Therefore, the law of mass action is 
written as:

 K Cj

SP

i

b

i

N
jic≥

=∏ 1
j=1,2,…,N

p 
(5.31)

where, K j

SP is the solubility product equilibrium constant for precipitate 
j. The total rate of production of component i due to precipitation/dissolu-
tion reactions (R

j

p
) is:

 R R b Ri

p

ij

p

j

N

ji j

p

j

Np p= =
= =∑ ∑1 1

 (5.32)

where, R
j

p
 is the rate of production of precipitate j.
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5.4  Mathematical Model and Solution of Ek 
Transport 

A mathematical model consisting of system of equations describing the 
transient reactive multi-component species transport under applied 
hydraulic, electric, and chemical gradients can be developed to model the 
transport phenomena in EK remediation of contaminated soils. The sys-
tem consists of partial differential equations (PDEs) for transport and alge-
braic equations for geochemical reactions. The transport PDEs are divided 
into three types. The first type consists of one equation that describes tran-
sient fluid flow. The second type consists of N number of equations that 
describe reactive transport of N species. The third type is described by one 
equation for charge transport. In the following section the transport PDEs 
are discussed.

Substituting fluid flux into volume change equation results in the EO 
consolidation equation expressed as:

 
∂
∂

= ∇ + ∇h

t
C h

K

m
v

e

V w

2 2

g
Φ  (5.33)

This equation is necessary to describe the changes in the hydraulic head 
across the soil, which affects the advective component of mass transport 
(Acar et al., 1997). The transient reactive PDEs for mass transport are 
derived by substituting mass flux equation into mass conservation equa-
tion given as:

∂
∂

= ∇ + ∇ +( )∇ + ∇⎡⎣ ⎤⎦ +
nC

t
D C C u k k h nRi

i i i i eo h i

* *( )2 Φ i=1,2,..., N (5.34)

Changes in the electric potential distribution across the soil as a result of 
changes in the geochemistry can be found by substituting the charge flux 
equation in the charge conservation equation as:

 C
t

F Z D Cp j j jj

N∂
∂

= ∇ + ∇ ∇( )=∑Φ Φ* *2

1
s  (5.35)

The total number of differential equations described for this system is 
N+2 including N equations for mass transport, one equation for charge 
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conservation, and one equation for fluid flow. The unknowns described in 
this system are N species concentrations (C

i
), one electric potential (Φ), 

one hydraulic potential (h), and N unknowns for the rate of i chemical 
reactions. Therefore, 2N+2 unknowns are described by N+2 differential 
equations. The other N numbers of equations required for this system are 
the mass balance equations for the chemical reactions (Alshawabkeh and 
Acar, 1996; Cao, 1997).

5.4.1 Initial and Boundary Conditions

The general system describing mass transport needs to be supplied with 
appropriate initial and boundary conditions. Initial condition and two 
boundary conditions are necessary for each species present in the sys-
tem. Initial conditions can be evaluated by the initial concentration dis-
tribution, potential distribution and other values so that an equilibrium 
state can be maintained at the starting point. Boundary conditions can be 
obtained through employing different equations, which describe different 
flow statuses at the boundaries. Generally used boundary conditions are 
the Neumann boundary conditions, Dirichlet boundary conditions, and 
mixed boundary conditions. When describing flow problems, a Neumann 
boundary is an insulated boundary (or impermeable boundary) which 
means there is no flux at the boundary, while a Dirichlet boundary indi-
cates that the value of head (potential, concentration, etc.) is constant at 
the boundary.

To simplify the solution procedure, constant boundary conditions 
can be implemented. However, such boundaries are not able to describe 
the nature of the EK flow realistically. Due to the existence of flux at 
boundaries caused by the electrode reactions and advection of fluid, 
flux boundary condition is more capable of describing EO flow status. 
The mixed boundary condition can also be implemented in the system. 
The boundary conditions applied at the inlet and outlet of the soil must 
express the equality between the flux of solute applied at the inside of 
the soil boundary and the flux of solute at the immediate outside of the 
porous medium. 

Hydraulic head in the EK transport process is controlled either to pro-
vide constant head difference or constant flow rate and hydraulic head 
boundary conditions can be easily described. In most cases, zero head dif-
ference is applied between the cathode and the anode. Boundary condi-
tions for charge conservation equations can be developed from the current 
density value at the boundary and two types of boundary conditions can 
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be applied. If the voltage difference between the anode and cathode is kept 
constant, the following boundary conditions can be used:

 Φ Φ ΦS S1 2 0= =max ;  (5.36)

Where, S1 is the boundary surface at the anode and S2 is the bound-
ary surface at the cathode. However, if the current density is maintained 
constant the following boundary conditions can be used (Acar, et al., 1997; 
Cao, 1997):

 F Z D C Ij j jj

N

S

* *∇ + ∇⎡
⎣

⎤
⎦ =

=∑ s Φ
1 1

 Φ|
S2

=0  (5.37)

Boundary conditions for the species transport equations are evaluated 
based on the electrolysis reactions at the electrodes. As a result of elec-
trolysis reactions, the chemistry at the electrodes will continuously change. 
These changes either enhance the EK process (e.g., generation of acid at 
the anode) or retard the process (e.g., generation of the base at the cath-
ode). In some cases, chemical reagents are introduced at the electrodes to 
enhance the EK process. Upon identification of the electrolysis reactions 
type, the boundary conditions can be evaluated from mass equilibrium in 
electrodes compartments. The rate of concentration change of a specific 
species in the electrode compartment will be equal to the net mass flow 
rate of the species (Acar et al., 1997; Cao, 1997). 

5.4.2 Preservation of Electrical Neutrality

For a unit volume of the soil, the rate of change in the electric charge equals 
the total rate of change of chemical species concentrations multiplied by 
their charge and the Faraday’s constant expressed as:

 Rate of change in electrical charge =
∂

∂=∑C Z F
nC

t
p j

j

j

N

1
 (5.38)

The charge transport equation preserves the electrical neutrality of the 
porous medium (Acar et al., 1997; Cao, 1997) so that:

 Z F
nC

t
j

j

j

N ∂
∂

=
=∑ 0

1
 (5.39)
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5.4.3 Numerical Solution Approaches

To solve the general system of equations describing the EK transport pro-
cesses, usually three different approaches are used. These include:

1. Differential and algebraic equations approach that provides 
a solution to the mixed differential and algebraic equations 
in which the transport equations and chemical equilibrium 
reactions are solved simultaneously as a system (Miller and 
Benson, 1983; Lichtner, 1985).

2. The direct substitution approach, which consists of direct 
substitution of the algebraic chemical equilibrium equations 
into the differential transport equations to form a highly 
nonlinear system of partial differential equations (Jennings 
et al., 1982; Lewis et al., 1987).

3. The sequential iteration approach, which consists of iterat-
ing between the sequentially solved differential and algebraic 
equations (Kirkner et al., 1985; Yeh and Tripathi, 1991).

5.5 EK Mass Transport Models

Many researchers have attempted to model mass transport under applied 
electrical gradient (Acar et al., 1989; Shapiro et al., 1989; Acar et al., 1990; 
Mitchell and Yeung, 1991; Eykholt, 1992; Alshawabkeh and Acar, 1992; 
Shapiro and Probstein, 1993; Jacobs et al., 1994; Jacobs and Probstein, 
1996; Alshawabkeh and Acar, 1996; Haran et al., 1997; Acar, et al., 1997; 
Cao, 1997; Al-Hamdan and Reddy, 2008, 2011). Shapiro et al., (1989) and 
Shapiro and Probstein (1993) described a 1-D model accounting for ion 
diffusion, migration, and EO advection in predicting the species transport 
rate. The model solves the charge flux equation in order to evaluate the 
nonlinear electric field distribution. The governing convective-diffusion 
equation in their model is given as:
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∂
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∂

− ∂
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x x
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where, t describes the tortuosity of the porous medium, and u
c
 is the 

convection velocity (the bulk EO velocity) given as:
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x

c = ∂
∂

⎛
⎝⎜

⎞
⎠⎟

1
2t

ex
m

x Φ
 (5.41)



192 Electrokinetics for Petroleum and Environmental Engineers

u
ei
 is ionic species migration velocity (e.i., electromigration velocity), 

given as:

 u v Z F
x

ei i i= − ∂
∂

1 1
2 2t t

Φ
 (5.42)

Comparison of experimental results with model predictions showed 
good agreement for a case of acetic acid removal from a 40-cm length 
kaolinite sample (Shapiro and Probstein, 1993).

Acar et al., (1989) presented a one dimensional model to estimate pH 
distribution during EK driven mass transport in contaminated soil. The 
model demonstrated the impact of electrolysis reactions on pH distribu-
tion during EK process. Alshawabkeh and Acar (1992) described a modi-
fied formulation accounting for the chemical reactions of adsorption/
desorption, precipitation/dissolution, and acid/base reactions. The gov-
erning equation of one dimensional mass transport due to applied electric, 
hydraulic, and chemical gradient in their model is given as:
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The left side of the equation, which is the mass conservation, is also 
described as:

 
∂ ( )

∂
= −∇( ) +

nC x

t
J nRi

i i
 (5.44)

Where, n is the porosity of the media, J
i
 is the total mass flux of species, 

and R
i 
is the production rate of the ith aqueous chemical species per unit 

fluid volume due to chemical reactions such as sorption, precipitation-dis-
solution, oxidation/reduction, and aqueous phase reactions. Alshawabkeh 
and Acar (1996) enhanced their model to predict the reactive transport of 
hydrogen, lead, hydroxyl, and nitrate ions. The model accounts for lead 
hydroxide precipitation/dissolution, lead sorption (assuming linear pH 
dependent isotherm) and water equilibrium reactions. Comparisons of 
experimental results with model predictions for different species transport 
indicated that the model is capable of capturing different EK processes suc-
cessfully (Acar et al., 1997).
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Cao (1997) developed a one-dimensional model to investigate mul-
tispecies transport under transient electric field as an extension to the 
Alshawabkeh and Acar model (1996). The governing equation of mass 
transport in their model is defined as:
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Where, D* is effective diffusion coefficient, k
eo

 is effective EO mobility, 
v

m
 is effective electro-migration mobility, E is electric potential, and R is 

the term of chemical reaction rate. 
Concentration distributions of charged ions change over time while 

transporting under applied electric field resulting in change to the local 
electrical conductivity, which in turn alters the value of the electric gra-
dient. Therefore, the changing electric conductivity and electrical field 
describe the transport process of the species implicitly. One of the impor-
tant  features of the Cao (1997) model is that the model updates the 
current density due to ionic motion under applied electric field and dif-
fusion motion under concentration gradient as expressed in the following 
equation:

 j F Z u C
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F Z D
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b i i ii i i
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 (5.46)

The model uses the updated concentration [C
i
 (x,t)], mobility [u

i
 

(x,t)], and current density [j
b
 (t)] to update the electric field distribution 

expressed as:
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where, s
b
 is the bulk conductivity [ sb i i ii

F Z u C= ∑ ]. 
Figures 5.2 and 5.3 present the spatial distribution of the total lead and 

the pH for 1-day and 35-day runs of this model compared with the results 
from the laboratory tests of Pb(NO

3
) contaminated kaolinite clay subjected 

to long-term EK treatments (Pamukcu, 2009). Although the initial concen-
trations of the lead used in the numerical simulator and the experiments 
were different (0.05 M in the numerical and 0.15 M in the experiment), as 
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well as the length of the physical and numerical specimens employed, the 
normalized distributions are comparable.

As shown in figure 5.2, the pH distribution of the model agrees well with 
the experimental pH after 1 day of treatment, but the distribution of lead 
does not agree as well for the same duration. The model predicts conserva-
tively a uniform concentration distribution of the metal ion at around 80% 
of the original, while the available data at three points along the soil col-
umn indicate a substantial reduction at the anode and a substantial accu-
mulation at the cathode. It is noted that the model makes a conservative 
prediction of pH at the cathode end, leading to inadequate capture of the 
actual lead accumulation by precipitation.

Figure 5.3 shows the long-term model predictions and the matching 
experimental data from the same series of tests for 35-day treatment. As 
observed, the model predicts well the long-term behavior of both the lead 
and the pH distribution, including the accumulation of the metal in a nar-
row zone adjacent to the cathode.

5.6  Coupling of Electrical and Pressure Gradients

Electrical boundary layers that form a solid-fluid interface in the porous 
medium create the elektrokinetic potential that result fluid flow under an 
electric gradient, or charge flow under a hydraulic gradient (Grahame, 
1947; Davis et al., 1978). Researchers have investigated the coupling 
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between the applied electrical and pressure (hydraulic) gradients (Ishido 
and Mizutani, 1981, Morgan et al., 1989; Revil and Pezard, 1999; Revil et 
al., 2007; Saunders et al., 2008; Jackson, 2010). The general relationship 
between the fluxes of electric current (I) and fluid volume flow (q), and the 
electric potential gradient (∇E) and fluid pressure gradient (∇P) are given 
as (Jackson, 2010):

 
I L E L P

q L E L P

ee ev

ve vv

= − ∇ − ∇
= − ∇ − ∇

⎧
⎨
⎩

  (5.48)

Where, L
ij
 are the phenomenological coefficients. The term L

ee
∇E rep-

resents Ohm’s law, and the term L
vv

∇P represents Darcy’s law. The terms 
L

ev
∇P and L

ve
∇E and correspond to the coupling effect. In order to give 

explicit expressions of L
ij
 coefficients for a general porous medium, Ishido 

and Mizutani (1981) used a capillary tube model with cross-sectional area 
of A (m2), overall length L (m) in the direction of general flow, the length 
of a tortuous pore channel as L

f
 , and the free cross-sectional area available 

to flow as A
f 
. The porosity (n), tortuosity (t), specific internal area S (m-1), 

and the hydraulic radius h (m) of the model is defined as: 
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Where, S
f
 is the total internal pore surface area (m2). The specific con-

ductivity of the sample in this model is given as:

 L nt tee = +− −2 2s sf sS  (5.50)

where, s
f
 and s

S
 are the specific conductivity of the fluid in the capil-

laries (Ω-1m-1) and the specific surface conductivity respectively. The coef-
ficient L

ev
 ( = L

ev
) is given as: 

 L L ntev ve= = − −2ex m/  (5.51)

where, e is the dielectric constant of the fluid (Farads per meter), m is 
the viscosity of the fluid (Pascal seconds) and x is the zeta potential at 
the slipping plane in DDL (volts). The L

vv
 coefficient is given by Darcy’s 

law as:

 L
K

vv =
m

 (5.52)

where, K is the intrinsic permeability (m2). Substituting the coefficients 
in equation 5.48, Ishido and Mizutani (1981) derived the following equa-
tion for the coupled flow:
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Saunders et al., (2006) defined the coupling term as:

 L L L
F

ev ve

f= = =
e x
m

 (5.54)

where, e is fluid permittivity, x is zeta potential, and F
f

r

=
s
s  is the forma-

tion factor, s
r
 is the conductivity of the soil/rock fluid system, and s

f
 is 

the conductivity of the pore fluid. For single phase steady state flow, when 
the electrical current caused by advection is balanced by electrical cur-
rent caused by conduction, the streaming potential coupling coefficient is 
defined as (Saunders et al., 2006, 2008):

 C
E
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f

= ∇
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s

e x
ms

 (5.55)
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Measurements of streaming potential have been recently used as a mon-
itoring technique in hydrocarbon reservoirs (Saunders et al., 2006, 2008; 
Jackson, 2010).  

5.7 Mathematical Modeling of EKEOR

EK assisted mass transport of hydrocarbon compounds in natural porous 
media has gained much attention not only for environmental mitigation of 
contaminating oils (Pamukcu, 1994; Pamukcu et al., 1995; Pamukcu and 
Pervizpour, 1998; Kim et al., 2000Yang and Liu, 2001; Reddy and Saicheck, 
2004; Reddy et al., 2006; Korolev et al., 2008; Pamukcu, 2009), but also for 
recovery of reservoir oils over the past decades (Amba et al., 1964; Amba et 
al., 1965; Chilingar et al., 1968, 1970; Killough and Gonzalez, 1986; Wittle et 
al., 2006 a,b, 2008 a,b,c, 2011; Haroun et al., 2009; Jihong et al., 2009; Hill et 
al., 2010; Ghazanfari et al., 2012a,2012b, 2013; Al Shalabi et al., 2012). Some 
of the contributing factors to the oil production in EKEOR are reported as 
(i) viscous drag of oil with EO flow of the water phase, primarily controlled by 
the oil/water ratio and the hydraulic and EO permeability of the formation, 
(ii) reduction of oil-water interfacial tension due to electrochemical transfor-
mation of oil that affect its viscosity, hence increases its mobility, (iii) reduc-
tion in the formation oil viscosity due to joule heating, and (iii) increase in 
the permeability of the formation rock under applied electric field (Chilingar 
et al., 1968; Wittle et al., 2006 a, 2008 b; Haroun et al., 2009; Hill et al., 2010; 
Ghazanfari, 2013). Most of the work in this area is experimental work in 
the laboratory, and the analytical study in this area is limited (Killough and 
Gonzalez, 1986; Ghazanfari et al., 2013).

In this section, we provide an insight into the mathematical modeling of 
EK enhanced oil recovery (EKEOR). Although the transient changes in the 
viscosity of formation oil and the non-isothermal effects contribute to the 
oil production in EKEOR, viscous drag of oil with EO flow of the water is 
believed to be the main contributing factor to the oil recovery which is the 
focus of the model presented here.  

5.8  Fundamental Governing Equations for  
EKEOR Model

Before discussing the governing equations of two-phase flow under applied 
electrical and pressure gradients, first we review the fundamental govern-
ing equations for single and two-phase flow systems under applied pres-
sure gradient in the following section. 
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5.8.1  Incompressible Single-Phase Flow Under Applied  
Pressure Gradient

The basic equation describing the flow of a single fluid through a porous 
medium is the continuity equation which states that mass is conserved and 
expressed as:

 q
t

n v= ∂
∂

( )+ ∇[ ]r r  (5.56)

where, n is the porosity, r is fluid density, v is the fluid velocity, and q 
is the source/sink term (i.e. outflow and inflow per volume). For low-flow 
velocities, flow through porous media is modeled through the empirical 
Darcy’s law in which the fluid velocity is related to pressure and gravity 
forces as:

 v P g z= − ∇ − ∇( )K

m
r  (5.57)

where, K is the intrinsic permeability, μ is the viscosity, g is the gravita-
tional constant, and z is the spatial coordinate in vertical direction. In most 
real field geological reservoir models, K is an anisotropic diagonal tensor 
(Aziz and Settari, 1979; Allen et al., 1988; Green, 1998; Chen et al., 2006; 
Aarnes et al., 2007). There are two driving forces in porous media flow 
including gravity, and the pressure gradient as evident from equation 5.57. 
Since gravity forces are approximately constant inside a reservoir domain, 
pressure gradient is considered the main driving force and can be consid-
ered as the main unknown parameter for single-phase flow problems. To 
solve for the pressure, Darcy’s equation (eq. 5.57) and the continuity equa-
tion (eq. 5.56) are combined. Assuming the constant porosity in time and 
incompressible fluid, the temporal derivative term in eq. 5.56 vanishes and 
the following equation for the water (w) pressure is obtained:

 ∇ = − ∇ − ∇( )⎡

⎣
⎢

⎤

⎦
⎥ =.v P g z

q
w

w

w w
w

w

K

m
r

r
 (5.58)

To complete the single phase flow model, initial and boundary condi-
tions are specified. In reservoir engineering, the common practice is to 
use no-flow boundary conditions (Aziz and Settari, 1979; Allen et al., 
1988, Green, 1998; King, 1992; Chen et al., 2006; Aarnes et al., 2007). For 
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instance, on the reservoir boundary one can impose the boundary condi-
tion as, v

w
.j = 0, where j is the normal vector pointing out of the boundary. 

This boundary condition results in an isolated flow system where water 
cannot enter into or exit from the reservoir. 

5.8.2  Two-Phase Immiscible Flow Under Applied Pressure 
Gradient

To derive the two-phase flow equations for water and oil under applied 
pressure gradient, several simplifying assumptions are made. These 
assumptions include (i) the two fluids are immiscible and incompress-
ible and there is no exchange of chemical species among the fluid phases, 
(ii) the rock matrix is incompressible, (iii) the total flow of oil (as displaced 
fluid) and water (as displacing fluid) remains constant, (iv) the gradient in 
phase pressure of the individual phases is the driving force of that specific 
phase, and (v) the effective permeability for the individual phases is a func-
tion of the saturation of each phase. 

Assuming Darcy’s law holds for flow of both phases (water and oil) and 
considering the mass conservation in the system, the simplified two-phase 
flow equations are (Aziz and Settari, 1979; Allen et al., 1985; Ertekin et al., 
2001; Chen et al., 2006): 

 
∂
∂
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t

nS v qw w w w wr r  (5.59)
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 Sw + =So 1   (5.63)

 P P PC o w= −   (5.64)

Table 5.1 summarizes all the parameters used in the simplified two-
phase flow equations. Capillary pressure used in the equations is due to the 
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curvature and surface tension of the interface between the oil and water 
phases. This set of equations is supplied with proper initial and boundary 
conditions and are solved using different solution techniques. One impor-
tant phenomenon in two-phase flow is the contribution of viscous cou-
pling through momentum transfer between the fluids. The contribution of 
viscous coupling is ignored in this simple representation of two-phase flow 
(eq. 5.59 to 5.64). The contribution of viscous coupling in two-phase flow 
is discussed in the following section.

Table 5.1 Parameters and descriptions used in simplified two-phase flow 

equations

Parameter Description Unit (metric)

n Porosity of the media -

S
w

Water saturation -

r
w

Mass density of water Kg/m3

v
w

Velocity of water phase m/day

q
w

Source/sink term in water phase m3/day

k Intrinsic permeability of the medium m2

k
rw

Relative permeability of water phase -

m
w

Dynamic viscosity of the water Pa.sec

P
w

Hydraulic pressure in water phase kPa

S
o

Oil saturation -

ro
Mass density of oil Kg/m3

no
Velocity of oil phase m/day

qo
Source/sink term in oil phase m3/day

k
ro

Relative permeability of oil phase -

m
o

Dynamic viscosity of the oil Pa.sec

P
o

Hydraulic pressure in oil phase kPa

g Gravitational constant m/sec2

z Elevation m

P
C

Capillary pressure kPa
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5.8.3 Contribution of Viscous Coupling

As discussed in section 5.8.2, Darcy’s Law for single-phase flow has been 
directly extended to two-phase flow using effective permeability coeffi-
cient (k

α
):

  v k P g za
a

a a am
r= − ∇ − ∇( )1

  [α = w, for wetting phase;  
= n, for non-wetting phase] (5.65)

Where, v
α
 is the velocity, m

α
 is dynamic viscosity, k

α
 is effective permeabil-

ity, ∇P
α
 is pressure gradient, and r

α
 is density of phase α. In reservoir simu-

lation, the relative permeability term (k
rα

) is used widely which is related to 
absolute and effective permeability through the following expression:

 k kra a= K .  (5.66)

Where, K is intrinsic permeability, and k
rα

 is relative permeability with 
respect to phase α. Relative permeability coefficients are typically deter-
mined as a function of the wetting phase saturation using standard experi-
mental procedures (Brooks and Corey, 1964; Dake, 1978; Kalaydjian, 1991; 
Bentsen, 1993; Corey, 1994). 

The validity of the key assumption that Darcy’s Law holds for two-
phase flow equations has been disputed since it implies that the flow of 
two fluids are essentially uncoupled and each flow has its own channel 
with own pressure or elevation gradients acting as the driving forces. The 
generalized immiscible two-phase flow model states that the flow of each 
fluid phase is a linear function of the gradients of both phases (Kalaydjian, 
1991; Liang and Lohrenz, 1994; Avraam and Payatakes, 1995; Bentsen, 
1993, 1998; Dullien and Dong 1996; Li et al., 2005). Therefore, fluid flow 
of each phase depends not only on the gradient of that particular phase 
but also on the corresponding gradient of the other phase. The gener-
alized two-phase flow models omit the viscous coupling between the 
two immiscible fluids due to momentum transfer across the fluid-fluid 
interface. In oil recovery applications, depending on the characteristics 
of the formation rock, water and the residing oil, viscous drag could have 
a significant contribution to the quantity of oil produced. Indeed, actual 
production rates of heavy oil up to 100 times higher than those computed 
by Darcy approach which omits the viscous coupling has been reported 
in literature (Yeung, 1996; Tremblay, 1997; Ortiz-Arango and Kantza, 
2008).
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Four generalized relative permeability coefficients are used in pres-
sure-driven flow. These include two diagonal (k

r,ww
 and k

r,nn
), and the two 

off-diagonal (k
r,wn

 and k
r,nw

) coefficients. The off-diagonal coefficients cap-
ture the contribution of the viscous drag through momentum transfer 
(Kalaydjian, 1991; Liang and Lohrenz, 1994; Avraam and Payatakes, 1995; 
Bentsen and Manai, 1993; Bentsen 1998; Dullien and Dong 1996; Li et al., 
2005), as given in the following equation:
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Where, K is the intrinsic permeability of the porous medium; v
w
 and 

v
n
 are the flow velocities; m

w
 and m

n
 are the dynamic viscosities; and ∇P

w
 

and ∇P
n 
are the pressure gradients in the wetting and non-wetting phases, 

respectively. In this particular case, the non-wetting phase is oil therefore 
the subscript identifier “n” is changed to “o”, representing oil in the follow-
ing presentation. 

The two diagonal coefficients can be determined as a function of the 
wetting phase saturation using standard test methods of steady state or 
un-steady state flow in rock cores. This requires the injection of water and 
oil simultaneously at constant rates into the core. Once steady state flow 
is reached, the volumetric flow rate is measured. Given that the intrinsic 
permeability of the porous medium, pressure gradients, and dynamic vis-
cosity of the fluids are known, the diagonal relative permeability coeffi-
cients can be determined at specific saturation levels of the wetting phase. 
Figure 5.4 shows the experimentally evaluated two diagonal coefficients 
for a sandstone rock sample (Core C in table 5.2) under applied pressure 
gradient. 

The experimental evaluation of the off-diagonal coefficients (k
r,wn

 and 
k

r,nw
) is more challenging and only a few studies have reported these coef-

ficients from steady state experiments (Kalaydjian, 1991; Bentsen and 
Manai, 1993; Liang and Lohrenz, 1994; Bentsen, 1998; Dullien and Dong, 
1996). These tests require that upon achieving steady state, the gradient in 
one phase is set to zero (i.e., the injection of that phase is cut off) while the 
gradient in the other phase is maintained. Then the volumetric flow rate 
of the cut-off phase is measured to compute the corresponding off-diago-
nal coefficient. These coefficients are reported to range between 0 to 24% 
of the diagonal coefficients depending on the fluids and porous medium 
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condition. Because of the difficulties associated with the experimental pro-
cess, various numerical methods, including the Lattice Boltzman Method 
(LBM) have been employed to evaluate the off-diagonal coefficients 
(Martys and Hagedorn, 2002; Ramstad et al., 2010). 

In the case of applied electric field to the formation in EKEOR 
 application, the contribution of applied electrical gradient in generating 
flow in both phases should be considered. The EO velocity of a fluid in sur-
face charged porous medium is defined by the Helmholtz-Smoluchowski 
equation (eq. 5.2) and the EO permeability of the medium is defined as:

 ke = −ex
m

  (5.68)

It should be noted that the EO permeability coefficient, ke, in equation 
5.68, is the absolute EO permeability when only a single fluid (i.e., water) is 
present in the pores. In here, we consider as the absolute EO permeability 
coefficient for water only. 

The coupled flow under applied electrical gradient can be represented 
through use of four relative permeability coefficients similar to the coupled 
flow under the pressure gradient (eq. 5.67):
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Where, the viscous coupling is considered through the off-diagonal 
coefficients for the water and the oil phases (k ker wo er ow, ,and ) respectively. 
Equation 5.69 is analogous to the basic equation used in pressure driven 
two-phase flow (eq. 5.67), where ke replaces K, and the electrical gradient 
is the driving force. Analogous to the pressure driven two-phase flow, the 
generalized off-diagonal relative EO permeability coefficients are used to 
capture the contribution of the viscous coupling. 

5.8.4 Evaluation of EO Transport Coefficients

Reliable prediction of the flow patterns necessitates accurate representa-
tion and determination of the relative permeability coefficients under the 
applied electrical gradient. In this section, relative EO permeability coeffi-
cients are evaluated for a specific case of two-phase fluid flow in water-wet 
porous media, where the second fluid phase is oil. It is postulated that the 
viscous drag on the oil phase, exerted by the electro-osmotic flow of the 
water phase is responsible for the transport of oil in the absence of a pres-
sure gradient. 

The EO transport of non-conductive liquids (e.g., oil) using conductive 
liquids (e.g., water) in capillaries, known as EO viscous pumps has been 
investigated for MEMS devices and microfluidic technologies (Santiago, 
2001; Brask et al., 2002; Yao and Santiago, 2003; Gao et al., 2005, 2007; Liu 
et al., 2009). EO pumps are fabricated mostly of porous glass or fused silica 
with deprotonated silanol groups on the surface and are based on the EO 
flow of an electrolyte to generate pressure differentials under a DC electric 
field (Santiago, 2001; Brask et al., 2002). The performance of EO pumps 
has been reported to depend on the porosity, tortuosity, and pore size of 
the porous matrix, pH and ionic concentration of the electrolyte (Santiago, 
2001; Brask et al., 2002). The basic premise of EO pumps is that the EO 
flow of the conducting fluid exerts a drag force on the non-conducting 
fluid to generate two-phase flow. This is analogous to the postulated pro-
cess in electrically enhanced oil recovery in water wet porous medium. 
In EKEOR applications, a similar viscous drag phenomenon leads to oil 
transport under an applied electric field (Amba et al., 1964; Amba et al., 
1965; Chilingar et al., 1968, 1970; Wittle et al., 2006a,b, 2008 a,b,c, 2011; 
Haroun et al., 2009; Hill et al., 2010; Ghazanfari et al., 2012a, 2012b, 2013a; 
Al Shalabi et al., 2012). 

We discuss here the experimental and analytical approaches on evalu-
ation of relative EO permeability coefficients. In order to evaluate the 
relative permeability coefficients as a function of water saturation, the 
porous medium is assumed to be water wet. So, we refer to water as the 
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wetting phase (i.e., formation water) and to oil as the non-wetting phase. 
Furthermore, when an electric field is applied to the porous medium, 
because of the random distribution of the fluids within the pores, it is 
an accepted assumption that the electric field will be identical in the two 
phases (∇ ∇=E Ew o) (Gladkov, 2003). In the following sections, we discuss 
the contribution of each of the four relative permeability coefficients to 
the flow and describe the experimental and analytical approaches used to 
evaluate them. 

5.8.4.1  Diagonal relative permeability coefficient for 
 water phase [ ],ker ww

The first diagonal relative permeability coefficient (ker ww, ) was evaluated 
experimentally for four sand stone rock core specimens as a function of 
their water saturation. Table 5.2 presents the properties of the rock cores 
and the flooding fluids used in the experiment. The cores were all 36 mm 
in diameter and 82 mm in length. Initially, each core was dried and air 
vacuumed. Then, an electrolyte solution (simulating the formation water 
of similar salinity) and oil were injected simultaneously at constant injec-
tion rate using a high pressure injection pump (Quizix Pump). The core 
saturation was determined once a steady state flow condition was reached. 

Table 5.2 Properties of the sandstone cores and fluids used for relative EO per-

meability coefficients

Material Properties

Sandstone core A Porosity:14.5%, permeability: 3.6 mD , bulk wet 

 density: 2.49 g/cm3

Sandstone core B Porosity:14.4%, permeability: 8.3 mD, bulk wet density: 

2.43 g/cm3

Sandstone core C Porosity:12.8% , permeability: 2.3 mD, bulk wet 

 density: 2.47 g/cm3

Sandstone core D Porosity:11.5%, permeability: 0.5 mD bulk wet density: 

2.45 g/cm3

Crude Oil API 25; dynamic viscosity = 0.0387 pas-sec; Specific 

gravity =0.79 at 20°C

Electrolyte solution NaCl; Salinity= 30,000 ppm; Electrical conductivity = 

45,000 μS
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Then, the core was transferred to the EK test cell. In the EK cell the glass 
frits separated the core compartment from the formation water in the elec-
trode reservoirs, and the electric field was applied using titanium mesh 
electrodes placed at the two-end caps of the core. 

The typical current densities used in field applications of EKEOR have 
been reported to be in the range of 1.0-1.5 Amp/m2 (Wittle et al., 2008a 
and 2008b). A constant voltage gradient of 4V/cm was applied to the 
cores in order to achieve current density of 1 Amp/m2 in the laboratory 
experiments. The volume production of each liquid was monitored at the 
cathode reservoir over time for 36 hours. Knowing the measured volume 
of the produced water, the applied electrical gradient, and the absolute 
EO permeability of the core (k

e
), the ker ww,  coefficient could be computed 

at a specific initial water saturation of the core. For each measurement, 
the core was dried and air vacuumed and the flooding procedure was 
repeated to establish the next water saturation level for evaluation of the 
corresponding ker ww,  coefficient. Figure 5.5 shows the measured ker ww,  
coefficient variation at four different water saturations of the four rock 
cores designated as A, B, C, and D. As observed, the ker ww,  coefficients 
increased with water saturation, owing to higher water production by the 
EO flow. 

5.8.4.2  Diagonal relative permeability coefficient for  
oil phase [ ],ker oo

Most crude oils are mixtures of non-polar compounds. Hence unlike water, 
which is polar and may contain dissolved charged particles, direct appli-
cation of electric field does not create a notable EO body force in crude 
oil. To better discern the effect of applied electric field on the oil phase 
compared to the water phase, the EO permeability of the porous medium 
is computed using water only and the oil only as the pore fluid. Using 
Helmholtz-Smoluchowski equation, the computed ratio of k

e
 (cm2/V.sec) 

of a given formation with oil to that with water is significantly low, rang-
ing between10-7 to 10-3. This stems from the large differences between the 
dynamic viscosity and the permittivity of the two liquids. The dynamic 
viscosity of most crude oils is in the range of 0.038-0.339 Pas.sec (for heavy 
crude oils the range is 1-5 Pas.sec), while for water it is around 0.001Pas.sec. 
The range of relative permittivity of most oils is 2.5–5, while for water it is 
80. In conclusion, the k

er,oo
 was set equal to zero assuming negligible effect 

of the applied electrical gradient on the oil phase body force (Ghazanfari, 
2013a). 
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5.8.4.3  Off-diagonal relative permeability coefficients for oil-water 
coupling [ ], ,k ker wo er owand

Evaluation of the off-diagonal relative EO permeability coefficients is one of 
the major challenges when using two-phase flow principles with coupling 
between the phases. Experimental procedures similar to those employed in 
evaluation of the off-diagonal relative permeability coefficients under pres-
sure gradient cannot be used for the electrical gradient application. It is 
difficult to find experimentally the flow of one phase generated due to the 
applied electrical gradient in the other phase simply because in practice the 
electrical gradient cannot be applied solely to one phase in the pore space. 
To simplify the evaluation, it is assumed that the EO body force occurs in 
the water phase only since the applied electric field cannot create appre-
ciable EO body force in the oil phase, as discussed above. This implies that 
even though the electric field is applied to the entire pore fluid simultane-
ously (both the water and the oil phases), the coupling coefficient, k

er,ow
, 

can be evaluated experimentally by measuring the quantity of oil phase 
produced only by assuming that EO body force takes affect in the water 
phase and not in the oil phase. 

The volume of oil production at cathode was monitored for 36 hours 
during the EK tests of the rock cores designated A, B, C, and D. Once again, 
knowing the measured volume of the produced oil, the applied electrical 
gradient and the EO permeability of the core, the k

er,ow
 coefficient could be 
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Figure 5.5 Evaluated coefficient for the core samples (After Ghazanfari, 2013a) 
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computed at a specific water saturation of the core. In these tests a fresh 
core was used for each measurement to establish the next water saturation 
level. Figure 5.6 shows the distribution of the evaluated coefficients for the 
core specimens in two different scales for clarity. 

As observed in figure 5.6, the coupling coefficient k
er,ow 

varied from 0.02 
to 0.09, on the dimensionless scale of 0 to 1. This coefficient essentially 
describes the contribution of viscous drag of water on the oil phase, which 
results in the production of oil by EK. At low water saturations, the drag-
ging capacity of the water is low because there is less water available in 
the pore space. As the water saturation increases the water mass that cre-
ates the momentum to drag oil increases, hence increased oil production. 
Beyond a critical level of water saturation, the oil production drops despite 
the increase in the dragging capacity of the water, because there is now less 
oil available in the pore space. 

The k
er,ow

 coefficient, reflecting the contribution of oil to water produc-
tion, was set to zero since EO body force in the oil phase was assumed to 
be insignificant, hence no viscous drag by oil exists at the interface to cause 
water flow. 

5.8.4.4 Analytical evaluation of coupling coefficients 

It is also possible to evaluate relative EO permeability coefficients analyti-
cally, as it may become difficult and tedious to evaluate them experimen-
tally. The analytical representation of coupling coefficients is based on the 
principles of EO viscous pumps which use conductive liquids (e.g., water) 
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to pump non-conductive liquids (e.g., oil) in micro-channels (Santiago, 
2001; Brask et al., 2002; Gao et al., 2005, 2007; Wang et al., 2006; Liu et al., 
2009). A simple micro-channel (capillary), similar to EO viscous pump, is 
considered to evaluate the coefficient. Figure 5.7 shows a schematic of the 
micro-channel filled with the two immiscible fluids. In this depiction, the 
inner layer is oil (crude oil, assumed to possess no electrical conductivity) 
and the outer layer, near the channel wall is water (the formation water, 
with electrical conductivity). 

Under an applied electrical gradient, water with EO mobility will 
be driven by electro-osmosis, and oil with no or negligible EO mobility 
will be dragged by the interfacial viscous force between the water and oil 
(Santiago, 2001; Brask et al., 2002; Gao et al., 2005, 2007; Wang et al., 2006; 
Liu et al., 2009). To evaluate the k

er,ow
 coefficient, the electric field is applied 

only to the water phase through the two end electrodes. The velocity and 
volume of flow of each phase can then be calculated and used for evalua-
tion of the k

er,ow
 coefficient as a function of water saturation, or the volume 

fraction of water in the capillary. 
Several simplifying assumptions are needed for this analytical treatise, 

including i) the two fluids are simple Newtonian fluids, ii) the fluid proper-
ties are constant and independent of local electric field, ion concentration, 
and temperature, and iii) two-phase flow is steady and fully developed 
with no slip-boundary conditions both at the interface and at the wall. 
Accordingly, the continuity equations (velocity and momentum) for each 
phase can be expressed as:

 
∇ =
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+ ∇⎛
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= −∇ + ∇ ∇( ) + ∇

⎧
⎨
⎪

⎩⎪

v

v

t
v v P v Ee

a

a
a

a a a a a ar m r

0

( )
 (5.70)

where, v
α
, r

α
, and ( )r ae  are the velocity, mass density, and the electric 

charge density of the phase α, respectively. For small Reynolds number 

r2

r1

Ψ2

Ψ1

Ψ2

Figure 5.7 Schematic of oil and water filled capillary used in the analysis
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(typical for the range of EO velocities in geological media) the inertial 
force is zero. Therefore, the continuity equations can be simplified as:

 
∇ =
−∇ + ∇ ∇( )+ ∇ =

⎧
⎨
⎪

⎩⎪

uv

P v Ee

a

a a a am r
0

0( )
  (5.71)

The effect of the electrical gradient on the flow can be evaluated by set-
ting to zero the pressure gradients in both phases. Hence, when the electri-
cal gradient is applied to the water phase only, equation 5.71 reduces to:
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2 0
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The charge distribution of each phase is required to calculate the phase 
velocities. The Poisson equation describes the electric potential distribu-
tion in cylindrical coordinates (Hunter, 2001):

 1 2

2r r
r

r z
e∂

∂
∂
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⎛
⎝⎜

⎞
⎠⎟

+ ∂
∂

=
−y y r

e
 (5.73)

Where, y is the surface potential and e is the permittivity of the fluid. 
Equation 5.73 can be further simplified based on the assumption of 

thermodynamic equilibrium and the Debye-Huckel approximation for a 
low surface potential (Hunter, 2001), as:

 
1 2

r

d

dr
r

r
k

∂
∂

⎛
⎝⎜

⎞
⎠⎟

=y y  (5.74)

Where, k is the reciprocal of EDL (Electric Double Layer) thickness 
(Debye length) defined as (Hunter, 2001): 
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Where, e is the elementary charge; n is the ionic concentration in equilib-
rium solution, K

B
 is the Boltzman constant; and T is absolute temperature. 

The boundary conditions imposed on the channel wall and at the oil-
water interface are (see figure 5.7):
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Where, y
2
 is the surface potential on the channel wall, y

1
 is the potential at 

the interface between the two fluids, r
1
 is the radius of inner layer (oil layer), 

and r
2
 is the radius of the entire channel, as shown in figure 5.7. The electric 

potential distribution in the channel is found by solving equation 5.74 under 
boundary conditions specified in equation 5.76 as (Liu et al., 2009):
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Figure 5.8 shows the charge distribution in the capillary for the case 
when y

1
= y

2
 = -25 mV and the water saturation is Sw = 0.8.

The charge density distribution can then be written as: 
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Where, I
0
 is zero order modified Bessel function of the first kind; and 

k
1
 and k

2
 are the reciprocal of EDL thickness of the inner and outer layers, 

respectively; and e
0
 and e

w
 are the permittivity of the inner and outer layers, 

respectively.
Figure 5.9 shows the micro-scale representation of the interfacial forces in 

the capillary. At the oil-water interface the continuity of velocity and hydro-
dynamic shear stress can be expressed as (Gao et al., 2007; Liu et al., 2009):
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Where the shear stress at each phase is:

 t m t mw w
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Where, j is the normal direction to the interface between the two fluids. 
The velocity of each phase is found by solving equation 5.72 using the 
charge density from equation 5.78, and the continuity conditions given in 
equation 5.79 as:
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Figure 5.9 Micro-scale representation of the interfacial forces
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Where, I
1
 is first order modified Bessel function of the first kind, and f(r) 

is defined as (Liu et al., 2009):
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−F  is the Hypergeometric regularized function, and Fp q

−  is the 
Hypergeometric function (the generalized Hypergeometric function).

Finally, the flow rate of each phase can be found as:
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In order to quantify k
er,ow

 as a function of water saturation, first the oil 
velocity and oil flow were obtained solving equations 5.80, 5.81, and 5.83 
respectively. Then, the expression for k

er,ow
 coefficient was derived for the 

corresponding q
0
at a particular water saturation as following:

 k
q

k EA
er ow

o

e o

, =
∇

 (5.84)

Where, A
o
 is the cross-sectional area of the oil phase. Figure 5.10 shows 

the velocity profiles at the wall-liquid interface for a capillary with the 
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radius of 0.1mm and S
w
 = 0.2 for three different cases where the wall inter-

face potential varied from zero to -50 mV. As observed in figure 5.10, the 
velocity of water in the capillary increases with the interfacial potential.

The properties of the two fluids used in the analytical evaluation of k
er,ow

 
coefficient are listed in table 5.3. From equations 5.80 and 5.81, it can be 
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Figure 5.10 Velocity profile across the capillary for variable wall interface potentials

Table 5-3 Properties of the two fluids used in the parametric study

Parameter unit value

Oil

Dynamic viscosity of oil (μ
o
) pas-sec 38.7 x 10–3

Vacuum permittivity (e ) Faraday/m 8.854 x 10–12

Permittivity of oil (e
o)

F/m ~3e

Formation water

Element charge (e) C 1.6 x 10–19

Boltzman constant (K
B
) J/K˚ 1.38 x 10–23

Dynamic viscosity of water (μ
w
) pas-sec 10–3

Permittivity (e
w
 ) F/m ~87e

Working temperature (T) K˚ 293

Ionic concentration (n) M 1 x 10–6
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discerned that the parameters affecting the fluid flow are the potential at 
the interface (y1), potential at the wall surface (y2), reciprocal of EDL 
thickness for the formation water (k

2
), oil/water saturation (determined 

by the ratio of r
1
 and r

2
), and the radius of the capillary (r

2
). Normally, as 

the potential at the wall and the interface increases, the EO effect becomes 
noticeable which results in larger flow rates.

The capillary size, surface potential and water and oil saturation are 
important input parameters for the analytical solution of the coupling 
coefficients. The pore throat size of common reservoir rocks varies within 
the range of 1 to 30μm (Keighin, 1997; Ahr, 2008; Nelson, 2009). For evalu-
ation of k

er,ow 
coefficient, a constant nominal capillary radius of 10μm was 

adapted to represent the mean diameter of the pore throat size of the cores 
tested. The zeta potential of common water wet reservoir rock minerals 
(quartz, kaolinite, and calcite) in contact with connate water varies within 
the range of -50 to +50 mV (Lichaa et al., 1992; Marinova, 1996; Rodriguez 
and Araujo, 2006). In this analysis, the representative channel wall surface 
potential was set to -25 mV. The interface between water and non-polar 
oil could possess substantial negative charge even in the absence of chemi-
cals that reduce surface tension (Haydon and Taylor, 1960; Rodriguez and 
Araujo, 2006). Hydroxyl ions, released by the dissociation-association 
equilibrium of the water molecules are adsorbed at the oil-water interface 
where they create a negatively charged layer whose charge concentration 
strongly depend on pH (Haydon and Taylor, 1960; Marinova, 1996). The 
magnitude of this interface charge depends largely on the ionic composi-
tion of the aqueous phase, while the nature of the oil phase is of secondary 
importance. Typical range of the interface potential is -20± 5 mV (Haydon 
and Taylor, 1960). In this analysis, the oil-water interfacial potential was set 
at 0 mV and -15 mV, for two separate solution schemes.

Water and oil saturations were found based on their respective volume 
fractions in the capillary. The volume fractions of these components were 
varied by changing the values of r

1
 and r

2
. Figure 5.11 shows the veloc-

ity profile for half of the capillary for the case when the charge density 
at the oil-water interface is set to zero (ψ

1
=0 mV). As observed in figure 

5.11, the oil velocity profile is constant, which results in plug flow and the 
water velocity increases within the EDL and remains constant across the 
capillary. 

The velocity profile for when the interface possess charge (ψ
1
= -15 mV) 

is shown in figure 5.12. In this case, the water velocity increases across the 
capillary which results in higher water flow. The oil flow remains as plug 
flow, but at an increased quantity as expected. 
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Figure 5.11 Velocity profile across the capillary (zero oil-water interface potential)

Figure 5.13 shows the analytically evaluated k
er,ow

 coefficient as a func-
tion of water saturation. As also observed in the case of experimentally 
evaluated k

er,ow
 coefficient (see figure 5.6), the coefficient increases with 

increasing in water saturation initially, to slightly over 0.1 at 50% water 
saturation. The coefficient decreases beyond the 50% saturation, because 
of less oil available in the capillary to be produced. 
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5.8.4.5  Scaling issues in evaluation of relative EO transport coeffi-
cients for reservoir simulation

The generalized EO permeability coefficients presented above are important 
pieces of the constitutive relationships in the EKEOR reservoir simulation. 
It should be noted that reservoir properties are often highly heterogeneous 
and anisotropic. The up-scaling difficulties and issues in EKEOR reservoir 
simulation remain the same as other conventional methods. There are sev-
eral scaling issues between the laboratory experiments and the reservoir 
scale. Two of the major differences are transient changes in the electric field 
distribution and non-isothermal effects.

The applied DC current in the laboratory scale over the course of the 
laboratory experiment is fairly uniform and conveniently manageable. The 
distribution of electric field strength is uniform and temporal and spatial 
fluctuations in electric field intensity are not a concern. However, in the 
reservoir scale, the current density is not uniform in the formation and 
temporal and spatial fluctuations of the electric field intensity affect the oil 
production. Also, the temperature in laboratory scale experiment remains 
fairly constant and thermal effects are negligible. In contrast, the thermal 
effects could be significant in the reservoir scale, specifically in the regions 
close to injection and production wells where the electrodes are inserted. 
This effect is particularly important for extended periods of power applica-
tion which could generate significant heat due to formation resistivity in 
the regions close to the injection and production wells. 

Figure 5.13 Analytically evaluated coefficient as a function of water saturation
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5.8.5  Two-phase Immiscible Flow Under Applied Pressure and 
Electrical Gradient

Superimposing electrical gradient to the pressure and elevation gradients, 
the resulting fluid flow expressions for each phase can be expressed as:
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(5.85)

As discussed in section 5.9.4, setting k
er,ow

 and k
er,oo

 coefficients to zero, 
and ∇ = ∇E Ew o, Eq. 5.85 reduces to:
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Having the velocities of each phase under the combined pressure and 
electrical gradients, the system of equations to be solved is then:
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 S Sw + =0 1   (5.91)

  P P PC o w= −   (5.92)



Mathematical Modeling of Electrokinetic 219

There are several alternatives in formulation of the partial differential 
equations in the above system including (i) formulation in phase pressures, 
(ii) formulation in phase pressure and saturation, and (iii) formulation in 
global pressure (Crichlow, 1977; Dake, 1978; Aziz and Settari, 1979; King, 
1992; Chen et al., 2006; Aarnes et al., 2007). When formulated in phase 
pressures, simultaneous solution techniques can be used to solve the sys-
tem of equations. When formulated in phase pressure and saturation, the 
implicit pressure explicit saturation (IMPES) technique can be used to 
solve the system of equations. Finally, to reduce the coupling in the system, 
equations can be formulated in global pressure (Crichlow, 1977; Dake, 
1978; Aziz and Settari, 1979; King, 1992; Chen et al., 2006; Aarnes et al., 
2007).

5.8.6  Formulation in Phase Pressure (Oil Pressure) and 
Saturation (Water Saturation)

Capillary pressure is a function of water saturation and the direction of sat-
uration change (drainage or imbibition). Different empirical correlations 
between saturation and capillary pressure have been developed including 
the Brooks and Corey (Brooks and Corey, 1964; Corey, 1994) correlation 
expressed as:

 P P SC d w= −( )1/l  (5.93)

Where, P
C
 is capillary pressure, P

d
 is entry capillary pressure, and l is 

related to the pore size distribution of the porous medium (in the range of 
0.2 to 3.0).

Relative permeability coefficients are correlated to wetting phase satura-
tion (usually water saturation). As discussed in section 5.8.3, these coef-
ficients are determined either experimentally for specific porous medium 
of interest or empirical correlations can be used as an alternative. There 
are several empirical expressions for relative permeability coefficients as 
a function of wetting phase saturation including the Brooks and Corey 
(Brooks and Corey, 1964; Corey, 1994) correlation given as:

 k Sr ww w, =
+2 3l
l  (5.94)
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1 1
l

l  (5.95)
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Analytical expressions that correlate EO relative permeability coeffi-
cients to the wetting phase saturation for the porous medium of interest 
can be developed also, as discussed in section 5.8.3. 

Assuming that the capillary pressure has a unique inverse function as:

 Sw = −PC

1   (5.96)

Equations 5.87 to 5.90 can be combined as follows:
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To solve the above system of equations, appropriate initial and bound-
ary conditions are needed in the space and time domains. For initial con-
ditions, usually the main unknowns (phase pressures) are specified over 
the entire space domain at t = 0. For boundary conditions, the possible 
cases include (i) phase pressure specified as a function of position and 
time (Dirichlet), (ii) pressure gradient is known (Neumann), (iii) phase 
pressure and pressure gradient in an impervious boundary are specified 
(Mixed). In reservoir simulation, usually the no flow boundary condition 
is used (Aziz and Settari, 1979; King, 1992; Chen et al., 2006). Also, the 
boundary conditions for applied electric field need to be specified on the 
reservoir boundaries.

5.9 Solution Strategy

There are multiple solution schemes for the system of equations used in 
reservoir simulation (Aziz and Settari, 1979; Eymard, 2003; Chen et al., 
2006). Among these schemes, IMPES (Implicit pressure, explicit satura-
tion), simultaneous solution, sequential, and adaptive implicit methods are 
widely used in the petroleum industry. The simultaneous solution method 
solves the coupled non-linear equations simultaneously and implicitly. 
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The advantage of this method is its stability and that it can take very large 
time steps while stability is maintained. The sequential methods solve the 
set of equations in an implicit fashion without developing a full coupling 
between the equations (Chen et al., 2006; Aarnes et al., 2007). Compared to 
IMPES and simultaneous solution schemes, the sequential schemes are less 
stable but more computationally efficient. The adaptive implicit scheme 
can be referred to as middle ground between the IMPES and sequential 
solution schemes as at a given time step, the expensive simultaneous solu-
tion scheme is assigned to the blocks that require it, and the IMPES scheme 
is implemented on the remaining blocks (Chen et al., 2006; Aarnes et al., 
2007). 

The IMPES technique, developed by Sheldon and coworkers (1959) and 
Stone and Grader (1970) is widely used in the petroleum industry. The 
method separates the computation of pressure from saturation. The cou-
pled system is split into a pressure equation and a saturation equation and 
the pressure and saturation equations are solved using implicit and explicit 
time approximation approaches. The technique can be implemented for 
solving the set of equations for two-phase immiscible flow under applied 
pressure and electrical gradients. In the following section, the pressure 
and saturation equations for the case of two-phase immiscible flow under 
applied pressure and electrical gradients are derived to be implemented in 
IMPES solution technique. 

5.9.1  The Saturation Equation for Two-Phase Incompressible 
Immiscible Flow

The continuity equations for the two phases are expressed as (Aziz and 
Settari, 1979; Allen et al,, 1988; Ertekin et al., 2001):

 
∂
∂

( )+ ∇ [ ] =
t

nS v qa a a a ar r.  (5.99)

The water, oil, and total mobility (functions of water saturation) are 
defined as (Aziz and Settari, 1979):
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 l l l= +w o  (5.102)

The fractional flow for water and oil phases (function of water satura-
tion) are defined as (Aziz and Settari, 1979; Ertekin et al., 2001):

 f fw
w

o
o= =

l
l

l
l

;  (5.103)

The total velocity and total flow are defined as (Aziz and Settari, 1979):

 v v v q q qw o w o= + = +  (5.104)

The saturation equation for the case of two-phase incompressible 
and immiscible flow under pressure gradient and elevation gradients 
are extended to the case of two-phase incompressible and immiscible 
flow under pressure, elevation, and electrical gradients. First, multiply-
ing Darcy’s law for each phase with the mobility of the other phase and 
 ignoring the contribution of viscous coupling under pressure and elevation 
gradients we have the followings:

 l l l ro w w o w wv P g z= − ∇ − ∇( )K  (5.105)

 l l l rw o w o o ov P g z= − ∇ − ∇( )K  (5.106)

Subtracting equation 5.105 from equation 5.106 gives:

 l l l l r rw o o w w o c o wv v P g z− = − ∇ + −( ) ∇( )K  (5.107)

To find an expression that only contains the total velocity and the satu-
ration of the wetting phase, we use v

0
 = v – v

w
 (Eq. 5.104) to get:

 l l l l l r rw w o w w o c o wv v P g z− +( ) = − ∇ + −( ) ∇( )K  (5.108)

Considering s = s
w
and using the fractional flow of water as f s w

w O

( ) =
+
l

l l
 

we have:

 v f s v f s P g zw o c o w= ( ) − ( ) ∇ + −( ) ∇( )Kl r r  (5.109)

Inserting this equation into the continuity equation (Eq. 5.96) for the 
wetting phase we get:



Mathematical Modeling of Electrokinetic 223

 j l r r
r

∂
∂

+ ∇ ( ) − ( ) ∇ + −( ) ∇( )⎡⎣ ⎤⎦ =S

t
f s v f s P g z

q
o c o w

w

w

. K  (5.110)

This is the saturation equation. Similarly, the saturation equation for the 
incompressible and immiscible two-phase flow under pressure and electri-
cal gradients can be derived as (Ghazanfari, 2013):

 
j l r r∂

∂
+ ∇ ( ) − ( ) ∇ + −( ) ∇( ) − ∇ ( )S

t
f s v f s P g z E f s ko c o w w er ow. ,K ke (⎡⎣

 + ( )f s −−( ) )⎤⎦ =1 k
q

er ww
w

w

, r
 (5.111)

5.9.2  Pressure Equation for Two-Phase Incompressible  
Immiscible Flow

Summing the Darcy’s law over the two phases we get the following equation:

 v v v P g z P g zw o w w w o o o= + = − ∇ − ∇( ) − ∇ − ∇( )K Kl r l r  (5.112)

Taking divergence on both sides and considering the fact that ∇.[v] = 
r, we have:

 ∇ [ ] = −∇ ∇ − ∇( )+ ∇ − ∇( ){ } =. v P g z P g z qw w w o o oK Kl r l r  (5.113)

This is the pressure equation. Similarly, the pressure equation for the 
incompressible and immiscible two-phase flow under pressure and electri-
cal gradients can be derived as (Ghazanfari, 2013):

 ∇ [ ] = −∇ ∇ − ∇( )+ ∇ − ∇( ) +. v P g z P g zw w w o o oK Kl r l r{{  (5.114)

 
∇ +( ), ,E k kw er ww er owke } = q

The pressure and saturation equations (Eq. 5.111 and 5.114) are nonlin-
early coupled primarily through the saturation-dependent mobility (l

w
, and 

l
o
) in the pressure equation, and through the pressure-dependent velocity (v

w
 

and v
o
) in the saturation equation, and also through other terms that depend 

on pressure or saturation (e.g., viscosity, capillary pressure). To reduce the 
coupling, a global pressure term (P) can be introduced to replace the phase 
pressures (P

w
, and P

o
) (Chen et al., 2006; Aarnes et al., 2007). The global pres-

sure is defined as P P Po c= − , where the saturation-dependent complemen-
tary pressure (P

C
) is defined as (Chen et al., 2006; Aarnes et al., 2007):
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Where, the fractional-flow function fw
w=

l
l

 measures the water frac-

tion of the total flow. Since ∇ = ∇P f Pc w cow, then the total velocity can be 
expressed as a function of the global pressure: 

 v v v P g zw o w o w w o o= + = − +( )∇ + +( ) ∇K Kl l l r l r  (5.116)

E k kw er ww er ow+ ∇ +( )ke , ,

Using the total mobility and global pressure, the following pressure 
equation is obtained:

 −∇ ∇ − +( ) ∇ + ∇ +( ){ } =. , ,K Kl l r l rP g z E k k qw w o o w er ww er owke  (5.117)

The pressure equation is complete for the problem at hand when no-
flow boundary conditions are imposed. 

5.10 Numerical Implementation 

Commonly used numerical methods for solving two-phase flow problems 
include (i) finite difference method, in which functions are represented by 
their values at certain grid points and derivatives are approximated through 
differences in these values, (ii) method of lines, where all but one variable 
is discretized and the result is a system of ordinary differential equations 
(ODEs) in the remaining continuous variable, (iii) finite element method, 
where functions are represented in terms of basic functions and the PDE 
is solved in its integral form, and (iv) finite volume method, which divides 
space into regions or volumes and computes the change within each vol-
ume by considering the flux (flow rate) across the surfaces of the volume 
(Aziz and Settari, 1979; Allen et al., 1988; King, 1992; Chen et al., 2006).

When applied to reservoir simulation, finite difference method (FDM) 
can be very easy to implement and in its basic form is restricted to handle 
only rectangular shapes. The method introduces considerable geometrical 
error and grid orientation effects. Finite element method (FEM), on the 
other hand can handle complicated geometries, and reduces the grid ori-
entation effects. The quality of a FEM approximation is often higher than 



Mathematical Modeling of Electrokinetic 225

in the corresponding FDM approach. However, it is not easy to implement 
and is slower than FDM (King, 1992; Chen et al., 2006).

In finite volume method (FVM), physical quantities are calculated at 
control volumes and the method is conservative (i.e., the flux entering a 
given volume is identical to that leaving the adjacent volume). In a FVM the 
unknown functions are represented in terms of average values over a set of 
finite-volumes, over which the integrated PDE model is required to hold. 
FVM can be viewed as a conservative finite-difference scheme that treats the 
grid cells as control volumes. FVM is widely used in the petroleum industry 
and can be formulated to allow for unstructured meshes. FVM is in between 
FDM and FEM, faster and easier to implement than FEM; and more accu-
rate and versatile than FDM (King, 1992; Chen et al., 2006). 

One of the simplest schemes of finite volume method is cell-centered 
finite-volume method, also referred to as the two-point flux-approximation 
(TPFA) scheme. The scheme uses two points, the cell-averages quantities, 
to approximate the flux, and it is frequently used in reservoir simulation.

The pressure and saturation equations developed in here for two-phase 
immiscible flow under pressure and electrical gradients are solved in a 
sequential approach. In this approach, each equation is solved separately 
using IMPES method. Different discretization methods were used to dis-
cretize the two fundamentally different equations. For the global pressure 
and total velocity formulation, a sequential splitting method is used in the 
following steps (Chen et al., 2006; Aarnes et al., 2007). First, the saturation 
distribution from the previous time step (or initial data) is used to compute 
the saturation-dependent coefficients in the pressure equation before the 
equation is solved for global pressure and total velocity. Then, the total 
velocity (v) is kept constant as a parameter in saturation equation, while 
the saturation is advanced in time. Next, the new saturation values are used 
to update the saturation-dependent coefficients in the pressure equation, 
and the pressure equation is solved again, and the computation is repeated.

To incorporate the flux resulting from the electrical gradient at a specific 
time step; first the saturation distribution in the reservoir is found using 
the TPFA scheme under the pressure gradient. Then, using the Archie’s law, 
the electrical conductivity of cells is approximated at that specific time step. 
Archie’s law is an empirical law in petro-physics that relates the in-situ resis-
tivity  of a reservoir rock to its  porosity, water saturation, and resistivity 
of water through the following expression (Fleureau and Dupeyart, 1988):
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where, S
w
 is the water saturation, R

w
 is the resistivity of water, R

t
 is the 

true resistivity of rock, and Φ is the porosity. From equation 5.118, the bulk 
electrical conductivity of the reservoir rock can be found as:

 s* .t
w

w

S

R
=

2

2

1

Φ
  (5.119)

Assuming a uniform current density in the reservoir, the radial distri-
bution of potential (voltage) is solved first. Then, the flux resulting from 
potential (voltage) difference in cells is found using the TPFA scheme. 
Finally, the total production due to applied electrical gradient at each time 
step is added to the production due to the applied pressure gradient at that 
specific time step and the computation is repeated. 

Using the IMPES technique and implementing the TPFA scheme, the 
numerical simulation of two-phase flow under applied pressure and elec-
tric gradients was accomplished on MATLAB. One layer of the model res-
ervoir from the SPE 10 model data (Christie and Blunt, 2001) was used 
for a two-dimensional simulation of the flow under applied pressure and 
electrical gradients (Ghazanfari, 2013). The model size is 60 x 220 x 1 cells 
and the size of each scaled cell is 20 ft x 10 ft x 2 ft (figure 5.14). The fluids 
are assumed to be immiscible and incompressible. The actual porosity and 
permeability tensors of the selected layer from the SPE 10 model were used 
for simulation. The tensor of EO permeability was assumed to be constant 
as 1x10-5 (cm2/V.sec) in the reservoir. The EO relative permeability coef-
ficients evaluated experimentally (see figures 5.5 and 5.6) were used as rep-
resentative functions of water saturation for the reservoir. 

Gravity term and capillary effect were ignored in the simulation. The 
reservoir was assumed to be initially filled with oil with S

wc
 = 0.2 (con-

nate water saturation) and S
or

 = 0.2 (residual oil saturation). The fluid vis-
cosities were assumed as m

w
 = 1 cp and m

0
 = 38 cp. Injection well was set 

at the lower-left corner and production well at the upper-right corner and 
no-flow conditions were imposed at the boundaries. Electric field (current 
density:1 Amp/m2) was assumed to be applied through electrodes inserted 

inside the injection and production wells as shown in figure 5.14.
The saturation, production, and oil recovery profiles at three different 

time steps are shown in figures 5.15 (a), (b), and (c) respectively. In these 
figures, the left hand side graph shows the saturation profile, the middle 
graph shows the changes in the production profile over time including 
the fractional flow of water and oil, and the right hand side graph shows 
the variation of oil recovery (%) with pore volumes of injected water. To 
investigate the contribution of applied electric field to the oil recovery, two 
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different cases were considered and developed in the oil recovery graph: 
(i) only pressure gradient was applied to the reservoir, (ii) electrical gradi-
ent was superimposed on top of pressure gradient (i.e. both pressure and 
electrical gradients were applied to the reservoir). 

As observed in figure 5.15 (a), after 100 days, the water has gradually 
displaced oil toward the production well, but most sections of the reser-
voir are still filled with oil. The fractional flows of oil and water are 1 and 0 
respectively, which means all of the production at this stage is oil and the 
water has not reached the production well yet. Looking at the oil recovery 
changes versus water injected pore volumes, only about 5% of the original 
oil in the reservoir has been extracted. Also, there is no discernible differ-
ence in the oil recovery between the two cases of with and without applied 
electrical gradient after 100 days. This is attributed to the fact that most of 
the reservoir is still filled with oil and the water saturation has not reached 
the minimum value to activate the EO flow of water and consequently the 
contribution of EO generated viscous drag of oil. 

After about 650 days, the water has reached the production well and 
the fractional flow of water drops while that of oil increases at the same 
time as observed in figure 5.15 (b). At this stage, the water is displacing 
the oil in most parts of the reservoir and only about 25% of the original 
oil is recovered. As observed in the oil recovery profile, the contribution 
of applied electrical gradient is about 4% increase in the oil recovery after 
700 days. After 2500 days, the water has filled most parts of the reservoir 
and the fractional flow of water is about 0.9 and that of oil is about 0.1 as 
observed in figure 5.15 (c). About 50% of the original oil in the reservoir is 
recovered with the combined gradient application, to which the contribu-
tion of applied electrical gradient is about 7% increase in the oil recovery. 

Production well

Injection well

Figure 5.14 Schematic of model reservoir (Christie and Blunt, 2001) and well locations 
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Figure 5-15 Saturation, production, and oil recovery profiles after (a)100, (b)700, and 
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5.11 Summary

Mathematical models of EK transport are valuable tools that help predict 
the efficiency of the EK remediation for a specific contaminated soil. The 
basic governing equations of EK transport of mass, conservation of mass 
and charge, and geochemical reactions associated with the EK process 
were discussed. Existing EK transport models and the coupling between 
the applied electric and hydraulic gradients were reviewed.  

An insight into the mathematical modeling of EKEOR that couples the 
pressure and electrical gradients applied to the porous medium and incor-
porates the viscous drag of water on the oil phase under applied electric 
gradient was provided. EO relative permeability coefficients were evalu-
ated experimentally and analytically as a function of water saturation of 
the porous medium. A set of governing equations for EKEOR simulation 
was derived. Implicit Pressure Explicit Saturation (IMPES) solution tech-
nique was used to solve the set of governing equations. Numerical solu-
tion of the model employed Finite Volume Method (FVM). The predictive 
capabilities of the model can be enhanced using more realistic parameters 
about the reservoir, incorporating the transient changes in the viscosity of 
formation oil, and the non-isothermal effects during extended application 
of electric field. 
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