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Effect of Soil Type on Electrokinetic Removal
of Phenanthrene Using Surfactants and Cosolvents

Krishna R. Reddy, M.ASCE,1 and Richard E. Saichek2

Abstract: Numerous sites have been contaminated with polycyclic aromatic hydrocarbons~PAHs!, and these sites pose a significant ri
to public health and the environment because PAHs are often toxic, mutagenic, and/or carcinogenic. Furthermore, these site
difficult or costly to remediate because PAHs are hydrophobic and highly resistant to degradation. The in situ flushing proce
surfactants and/or cosolvents has shown great promise for sites possessing uniform and high-permeability soils, but it is
ineffective for sites containing heterogeneous and/or low-permeability soils. Thus, for difficult soil conditions, electrokinetics
integrated with the in situ flushing process to improve soil-solution-contaminant interaction. This investigation was conducted to
the effects of two different low-permeability soils, kaolin and glacial till, on electrokinetically enhanced flushing. Each soil type wa
in three bench-scale electrokinetic experiments, where each test employed a different flushing solution, deionized water, a sur
a cosolvent. The results indicated that the contaminant was more strongly bound to the glacial till than the kaolin, and this was
to its higher-organic content. The glacial till also generated a greater electrical current and electro-osmotic flow, and this was p
result of its higher-carbonate content and more diverse mineralogy. Based on the contaminant mass remaining in the soil, it wa
that the surfactant or cosolvent solution caused contaminant desorption, solubilization, and/or migration in both soils, but a
research is required to improve PAH removal efficiency.

DOI: 10.1061/~ASCE!0733-9372~2003!129:4~336!

CE Database subject headings: Electrokinetics; Abatement and removal; Soils; Clays; Surface-active agents; Sorption.
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Introduction

Polycyclic aromatic hydrocarbon~PAH! compounds have been
found to be toxic, mutagenic, and/or carcinogenic~Clar 1964;
Harvey 1991!, so it is important to prevent the transport of the
pollutants into the environment by remediating the source zo
where high concentrations of PAHs exist. The United States
vironmental Protection Agency~USEPA! estimates that 3,000 to
5,000 former manufactured gas plant~MGP! sites are located
across the United States, and many of these contaminated
contain substantial quantities of PAHs~USEPA, 2000!. Since
there are so many former MGP sites and they exist in a br
range of different geographical areas, the site conditions and
types of soils that are present at these sites may vary consider
In situ flushing with surfactants/cosolvents has shown the ab
to remediate PAH-contaminated soils that have a fairly hig
hydraulic conductivity~Fu and Luthy 1986; Ganeshalingam et a
1994; Roote 1997!, but this remediation technique is often ine
fective for heterogeneous and/or low-permeability soils, es
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cially when the hydraulic conductivities are less than abo
1025 cm/s in magnitude~Roote 1997!. PAH sorption may pre-
dominate in soils with large quantities of organic matter and/
clay/silt-sized particles because organic matter contains s
stances with similar hydrophobic characteristics and clay/s
sized particles have large surface areas as well as electr
charges associated with them~Johnston 1996!. Consequently, in-
novative techniques are needed to remediate PAHs from lo
permeability clayey soils, and electrokinetically enhancing the
situ flushing process with surfactants/cosolvents has great po
tial.

Basically, electrokinetics involves the installation of electrod
into wells and the application of a low-electric potential acro
the predetermined anode~positive! and cathode~negative! elec-
trodes. The electric potential induces a number of physicoche
cal processes including the phenomenon of electro-osmo
which can transport a solution through clayey soils at a flow ra
much higher than a conventional hydraulic gradient~Casagrande
1949!. Surfactants/cosolvents can substantially increase PAH
sorption and solubilization, and the increased flow rate due
electro-osmosis greatly improves soil-solution-contaminant int
action. If PAH desorption and solubilization occur, th
contaminant-laden solution should migrate by electro-osmosis
wards the electrodes, where the solution can be removed from
wells and treated using bioremediation or other convention
wastewater treatment techniques~Abdul et al. 1992; Joshi and
Lee 1995; Pinto and Moore 2000; Lee et al. 2001!.

The objective of this paper is to present a laboratory inves
gation that was performed to evaluate the effects of soil type
the removal of PAHs by electrokinetics. Bench-scale electro
netic experiments were conducted using two diverse soils, kao
and glacial till, that were spiked with phenanthrene as a repres

.
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tative PAH. Deionized water, a surfactant~3% Tween 80!, and a
cosolvent~40% ethanol! were tested as flushing solutions. T
measured parameters during the tests included the electric cu
cumulative electroosmotic flow, and cumulative mass remo
and, at the conclusion of the experiments, the soil was extru
and the hydrogen ion concentration~pH! values and residua
phenanthrene concentrations were measured along the leng
each soil specimen. The results were analyzed to assess th
fects of soil composition on PAH desorption, solubilization, a
electrokinetic remedial efficiency.

Background

Although a comprehensive review of the physicochemical p
cesses that are involved in electrokinetics is beyond the scop
this paper, a brief overview is presented herein to facilitate
understanding of electrokinetic treatment. Initially, it should
recognized that under an electric potential, the electrolysis
water occurs at the electrodes according to the following re
tions:

At the anode: 2H2O→O2~g!14H114e2

At the cathode: 4H2O14e2→2H2~g!14OH2

Thus, the electrolysis reactions cause an acidic solution to
generated at the anode and an alkaline solution to be genera
the cathode. The primary contaminant transport mechanisms
occur during electrokinetics are electromigration, electro-osmo
and electrophoresis. Electromigration describes the transpo
ionic species present in the pore fluid. This process is lar
responsible for generating the electrical current, and it inclu
the migration of H1 and OH2 towards the oppositely charge
electrode. Moreover, under an electric potential, electro-osm
flow is produced because the locally existing excess ions mig
in a plane parallel to the particle surface towards the oppos
charged electrode, and, as they migrate, they transfer mome
to the surrounding fluid molecules via viscous forces~Eykholt
1992!. Electro-osmosis depends on the net amount of ionic
gration towards an electrode location, and, in low-permeab
clayey soils, the net ion migration may be high and it could s
nificantly affect the decontamination process. The follow
Helmholz-Smoluchowski~H-S! equation is often used to estima
the average electro-osmotic flow velocity (veo) ~Eykholt and
Daniel 1994!:

veo52
D«0z

h
Ex

According to this equation, the flow velocity is proportional to t
electrical gradient (Ex), zeta potential~z!, and dielectric constan
(D), and it is inversely proportional to the viscosity~h!. The («0)
term represents the permittivity of vacuum (8.8
310212 C/V m), and the dielectric constant and viscosity a
properties of the pore fluid. The zeta potential depends on the
point of charge~ZPC!, which refers to the pH at which the n
charge on the particle surface is zero. Generally, when the p
below its ZPC, a soil has a positive zeta potential and the ele
osmotic flow occurs towards the anode. Conversely, when the
is above the ZPC, the soil has a negative zeta potential and
electro-osmotic flow occurs towards the cathode. Alternately,
electro-osmotic flow velocity is given by

veo5KeEx

whereKe is referred to as the electro-osmotic conductivity.
nally, electrophoresis is the migration of charged colloids, but
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a compact soil system, electrophoresis is less important s
larger colloid-sized particles are typically restrained from mo
ment.

Although the electrokinetically enhanced in situ flushing tec
nique has great potential, the effectiveness of the process ca
highly dependent on soil-solution-contaminant chemistry. By
serving the H-S equation, it can be seen that changes in the
face charge of the soil particles~zeta potential! and changes in the
pore fluid properties~such as dielectric constant and viscosit!
influence the electro-osmotic flow. In addition, the electrical g
dient may not be uniform through the soil, so the electro-osm
flow is generally not uniform spatially or temporally~Eykholt and
Daniel 1994!. Therefore, the average electro-osmotic conductiv
(Ke) through the soil commonly varies with time, and, as a res
of these physicochemical changes, the electro-osmotic flow
cease or even reverse in direction. Furthermore, soils may
extremely variable and complex substances, both structurally
compositionally~Mitchell 1993!, and contaminant chemistry, de
sorption, and solubilization reactions, as well as the mass tr
port mechanisms that occur during electrokinetics may sign
cantly complicate the process.

The electrolysis reactions greatly affect the remediation p
cess because the ionic products (H1 and OH2) may electromi-
grate and/or they may be transported by electro-osmotic ad
tion towards the oppositely charged electrode location. Thus
acidic (H1) front of solution may move from the anode towar
the cathode, and/or an alkaline (OH2) front of solution may
move from the cathode towards the anode. The rate of electr
gration may also be affected by ionic mobility, and, since hyd
gen ions are smaller and have a greater mobility than hydro
ions, the acidic front generally moves faster through the soil. T
reaction kinetics, or the rate of the electrolysis reactions at
electrodes, may also affect the generation and movement o
hydrogen and/or hydroxyl ions. Incidentally, for low-acid buffe
ing clayey soils such as kaolin, the inflow of H1 ions has the
effect of causing the mineral surface charge to become more p
tive, which, by H-S theory, decreases the electro-osmotic fl
towards the cathode. Shapiro and Probstein~1993! and Schultz
~1997! have found that the addition of a pH buffer to the ano
reservoir helps to counteract or neutralize the electrolysis reac
at the anode, and the result is a higher and more sustained ele
osmotic flow and greater contaminant removal. Since the pH b
ering technique would complicate the comparison of the differ
soil types, it was not employed in this present investigation; ho
ever, a companion study using kaolin soil was performed to
sess the effect of using a pH buffering solution at the an
~Saichek 2002!.

There have been a number of laboratory studies performe
evaluate the electrokinetic remediation process and contami
transport by electro-osmosis for soils contaminated with vari
organic compounds. In several investigations, the compou
were relatively soluble compared to PAHs and high-removal
ficiencies were obtained by using ordinary purging solutions s
as distilled or tap water~Acar et al. 1992; Bruell et al. 1992
Shapiro and Probstein 1993; Schultz 1997!. The study conducted
by Bruell et al.~1992! is of particular interest because they em
ployed several different organic compounds with a range of aq
ous solubilities and conducted experiments and used calcula
to predict contaminant removal from kaolin by electro-osmo
These researchers determined that an organic chemical w
relatively high-aqueous solubility and low adsorption, such
benzene, toluene, trichloroethylene, or m-xylene, could be ea
AL OF ENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003 / 337



Table 1. Properties of Soils Tested

Property Kaolin Glacial till

Mineralogy Quartz: 31%
Feldspar: 13%

Kaolinite 100% Carbonate: 35%
Muscovite: trace Illite: 15%

Illite: trace Chlorite: 4–6%
Vermiculite: 0.5%

Smectite: trace
Particle size distribution~ASTM D 422!
Gravel ~%! 0 0
Sand~%! 4 20
Silt ~%! 18 44
Clay ~%! 78 36
Specific gravity~ASTM D 854! 2.6 2.7
Hydraulic conductivity@cm/s# 1.031028 8.831028

Organic content~%! Near 0 2.8
pH ~ASTM D 4972! 4.9 8.2
Cation exchange capacity@meq/100 g# ~ASTM D 9081! 1.0–1.6 13–18
USCS classification~ASTM D 2487! CL CL
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removed by electro-osmosis, but a chemical with a low-aque
solubility and high adsorption, such as hexane or isooctane,
transported at a much slower rate~Bruell et al. 1992!. The sorp-
tion of an organic compound to soils is often described by a lin
isothermCs5Kd Cw , where Cs is the concentration of solute
~phenanthrene! sorbed to the soil,Cw is the concentration of the
solute in the aqueous solution, andKd is the soil-solution distri-
bution ratio or partition coefficient~Ko et al. 1998b!. This equa-
tion is often valid over a limited range, particularly whenCw is
low ~Li et al. 2000!. Assuming a linear isotherm, Bruell et a
~1992! predicted that a 90% removal of benzene~approximate
solubility51,780 mg/L and experimentalKd50.89) from kaolin
could be accomplished in 314 days using 2.01 pore volume
water, while a 90% removal of isooctane~approximate
solubility52.4 mg/L and experimentalKd524) from kaolin
would require 4,731 days and 30.2 pore volumes of water.

Previously, electrokinetic experiments were performed at
University of Illinois at Chicago ~UIC! to remediate a
phenanthrene-contaminated glacial till soil using various co
vents, but these experiments were only moderately effectiv
PAH desorption, solubilization and removal~Li et al. 2000!. Sub-
sequently, a series of batch tests were conducted to invest
PAH desorption and solubilization from two types of clayey so
kaolin and glacial till, using a variety of surfactants, a cosolve
and a surfactant-cosolvent mixture~Saichek 2002!. These batch
tests provided an assessment of the ability of the surfact
cosolvent solutions to remove PAHs from the soils, but the m
transport and removal mechanisms that occur during batch
and those that occur during electrokinetics can be quite differ
Thus, Reddy and Saichek~2002! conducted a series of electrok
netic experiments using the best surfactant and cosolvent s
tions as determined from the batch tests to evaluate PAH rem
from a soil by electrokinetics. This earlier study, however, w
limited to only one type of soil, namely, kaolin. Additional re
search conducted to investigate the effect of soil type on elec
kinetic removal of PAHs using surfactant and cosolvent soluti
is presented in this paper.
338 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / APRIL 2
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Experimental Methodology

Materials

The soils that were selected for this investigation were kaolin a
glacial till, and Table 1 shows that the mineralogy and physic
and chemical properties of these soils differ significantly. As se
in the table, kaolin basically consists of the clay mineral kaolini
whereas glacial till is largely composed of quartz, carbonat
feldspars, illite, and other clay minerals. The particle-size dist
bution shows that kaolin has a greater percentage of clay-si
particles, and glacial till has a considerable amount of larg
sand, and silt-sized particles. Clearly, both soils have a very lo
permeability, and they are far below the 1025 cm/s magnitude
that is considered appropriate for in situ soil flushing~Roote
1997!. For this investigation, one of the greatest differences b
tween these two soils is the organic content. Kaolin is virtua
non-organic while glacial till has a relatively high-organic conte
of 2.8%. Kaolin also has a somewhat lower-cation exchange
pacity than glacial till. Kaolin is often used in electrokinetic re
search because it has been studied extensively, it has a l
organic content, consistent and uniform mineralogy, it is fair
nonreactive, and it has a low-cation exchange capacity~Eykholt
1992!. Thus, kaolin is a good control soil for laboratory electro
kinetic testing because the amount of experimental variation a
result of soil heterogeneity is minimized. In contrast, glacial till
a highly variable soil with a relatively high-organic content, com
plex mineralogy, and wide range of particle sizes, but, since fie
soils are often quite heterogeneous, glacial till is more repres
tative of the soil conditions commonly found at contaminate
sites. In other words, although testing with kaolin soil is bene
cial for analyzing electrokinetic variables, such as the effects p
duced by the flushing solution or voltage gradient, it is insuf
cient for assessing the effects caused by soil heterogeneities,
as the presence of different minerals and organic matter.

A neutrally charged contaminant, phenanthrene~98% pure, C14

H10; Molecular Weight5178.2), was selected as the represent
tive PAH compound, and it has an aqueous solubility of 1.1 mg
003



Table 2. Electrokinetic Testing Program

Test number Soil type Purging solution Kd
a ~mL/g! Voltage gradient@VDC/cm# Approximate test duration~days!

1 Kaolin Deionized water Not determined 1 188
2 Kaolin 3% Tween 80 2.9 1 231
3 Kaolin 40% Ethanol 11 1 245
4 Glacial till Deionized water 210b 1 168
5 Glacial till 3% Tween 80 10 1 229
6 Glacial till 40% Ethanol 20 1 236
aSaichek~2002!.
bLi et al. ~2000!.
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and a logKow of 4.57 at 25°C~Schwarzenbach et al. 1993!. Be-
sides the baseline tests that used deionized water, one surfa
namely, 3% Tween 80@polyoxyethylene ~20! sorbitan mo-
nooleate# solution and one cosolvent, namely, 40% ethan
(C2H5OH) solution were used. Table 2 lists theKd values and test
durations and summarizes the variables and the number of
conducted for this study. TheKd value for deionized water and
kaolin soil was not determined due to the low solubility
phenanthrene in water.

Electrokinetic Reactor

The electrokinetic reactors used in this study were similar to th
used in previous electrokinetic research at UIC~Reddy et al.
Fig. 1. ~top! Overall schematic of electrokinetic test setup and~bottom! details of electrokinetic test cell
JOUR
ant,

l

sts

se

1997; Reddy and Parupudi 1997; Reddy and Shirani 1997!. A
schematic diagram of the electrokinetic reactor and the entire
setup is shown in Fig. 1. The reactor simulates one-dimensio
~1D! contaminant transport under the combined influences
electrical, hydraulic, and chemical gradients.

The reactor consisted of a cell, two electrode compartmen
an anode electrode reservoir, a cathode sample bottle, a po
supply, a multimeter~Protek Model B-845!, and peripherals, such
as C-Flex tubing~Cole Parmer Instrument Company!, wiring, and
stands. For all the electrokinetic experiments, the power supp
were either Protek DC models 3006 or 3033 or a Hewlett Pack
DC model 6205B. The reactor cell was made of plexiglass and
had a 6.2 cm inside diameter and a 19.1 cm length, so its volu
was approximately 577 cm3. Each electrode compartment wa
NAL OF ENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003 / 339
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also made of plexiglass and contained Whatman filter pape
porous stone, and a slotted graphite electrode. The #1 Wha
filter paper retains particles with diameters greater than 11mm
and the porous stone retains particles with diameters greater
250mm, and both the filter paper and the porous stone were
to prevent soil particles from entering into the anode reservo
cathode sample bottle. The filter paper was placed between
soil and the porous stone, and both were placed in front of
electrode. Gas vents were provided in the electrode compartm
to allow gases resulting from the electrolysis reactions to esc

Testing Procedure

For all the electrokinetic tests, the soils were spiked with phen
threne at a target concentration of 500 mg/kg~mass of
phenanthrene/mass of dry soil!, which represents the typical PA
concentrations that are found near source zones at contami
sites~USEPA 2000!. Approximately 1.5 kg of glacial till soil and
1.1 kg of kaolin soil was spiked for each electrokinetic test. I
tially, the phenanthrene required to yield the target concentra
was measured and then completely dissolved in about 500 m
hexane. Hexane was used because phenanthrene has an ext
low solubility in water. The hexane-phenanthrene mixture w
subsequently mixed with the measured amount of soil, and a
tional hexane was put in so that the soil-hexane-phenanth
mixture could be easily stirred and blended homogeneously.
mixtures were stirred with stainless steel spoons, and all mi
operations were performed within glass beakers. The motiva
for this mixing technique was to ensure that the phenanth
would be distributed evenly throughout the soil. The soil-hexa
phenanthrene mixture was then placed beneath a ventilation
for nearly a week until the hexane completely evaporated and
contaminated soil was dry. Occasional stirring was necessary
ing the drying period to increase the rate of drying and furt
ensure uniform phenanthrene distribution. A sample was take
determine the actual initial concentration of phenanthrene in
soil, since a portion of the contaminant may volatilize along w
the solvent, hexane. The initial mass of dry soil that was pla
into the reactor varied slightly from test to test, but it was
proximately 800 g for the kaolin tests and around 1,000 g for
glacial till tests.

After the phenanthrene-contaminated soil was dry, it was t
oughly mixed with a measured amount of deionized water i
glass pan, so that the soil water content would simulate fi
conditions. The target water content for the kaolin soil was 35
and the target water content for the glacial till was 20%. T
moist soil was then placed into the reactor soil chamber in lay
and each layer was tamped into the chamber using an alum
pestle so that the amount of void space was minimized. Once
soil was fully packed into the chamber, the reactor assembly
completed, the peripheral equipment was attached, the anod
cathode compartments as well as the anode reservoir were
with solution, and a constant, 1 VDC/cm, voltage gradient w
applied for the required time duration. Initially, at the start
testing, the cathode compartment was filled with deionized w
and the anode compartment and reservoir were filled with
selected flushing solution.

During the testing, the electrical current and the inflow volu
and effluent volume at the anode and cathode were meas
periodically. Samples of the effluent were taken so that
phenanthrene concentration could be measured. The tests
run until the current greatly decreased, the effluent volume
nificantly reduced, or it appeared that the phenanthrene con
340 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / APRIL 20
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tration in the effluent had reached a steady-state condition. At
conclusion of testing, the soil was extruded from the test appa
tus and divided into sections to analyze the spatial distribution
the pH as well as the residual phenanthrene remaining in the
The soil samples were sectioned into five parts approxima
every four centimeters along the length of the reactor soil cha
ber. Representative samples were taken from each soil sectio
the determination of moisture content, soil pH, and phenanthr
concentration. Soil pH measurements were determined usin
soil to water ratio of 1:1 as described in ASTM Method D 497
Generally, 10 mL of deionized water was added to 10 grams
soil, and the pH was measured using a Digi-Sense digital
meter that was calibrated using standardized pH solutions.
water contents were determined using ASTM Method D 2216

Chemical Analysis

To determine the phenanthrene concentration in the soil, a
representative soil sample weighing 10 g was thoroughly mix
with about 10 g of Na2SO4 ~Fisher Scientific!, and the mixture
was placed into a Whatman cellulose extraction thimble. T
phenanthrene was then extracted using a Soxhlet apparatus
sisting of a 250 mL flask, a Soxhlet extraction tube, and a bu
type Allihn condenser. The procedure is outlined in USEPA T
Method 3540C~USEPA 1986!. The solution used in the Soxhle
extraction process was 190 mL of a 1:1 mixture of hexane a
acetone~Fisher Scientific!, and the process was operated for
4–6 cycles/h for at least 24 h. After the extraction was complet
the volume of the solvent remaining in the Soxhlet extraction tu
and flask was measured, and high-pressure liquid chromatogra
~HPLC! analysis was performed on a sample of the liquid. T
soil was usually highly contaminated with phenanthrene, so
solvent-phenanthrene liquid samples obtained from the Sox
extraction were directly analyzed using the HPLC. In addition
the soil analysis, the liquid effluent samples from the electro
netic tests containing surfactant/cosolvent-phenanthrene were
rectly analyzed using the HPLC.

A Hewlett-Packard Model 1100 HPLC equipped with an A
ltech Econosphere reverse-phase C18 column (25034.6 mm, 5
mm particle size! and a diode array ultraviolet detector was use
The detector wavelength was set at 254 nm. Before injection
the HPLC, the samples were filtered through a 0.22mm particle
retaining Cameo 13F Teflon, polytetrafluoroethylene, membra
Each sample was injected via a manual injector with a 20mL
sample loop. A mixture of water and methanol 25:75 was used
the mobile phase at a constant flow rate of 1.0 mL/min. T
HPLC was calibrated using standards prior to performing che
cal analyses.

Quality Control

Throughout the electrokinetic testing, the plexiglass reactors
reservoirs were either specifically constructed for these tests
they were thoroughly washed using an acid cleaner and deter
and visually inspected to ensure cleanliness. The electrodes,
ing, and connecting pins or hose clamps were all new for e
test. Furthermore, all the glassware, such as vials and sam
bottles, used in the electrokinetic tests were new from the ma
facturer and certified to be clean. All of the testing equipme
such as the multimeters, power supplies, and pH and elect
conductivity meters, were in good condition and were calibrat
A conscious effort was made to ensure that the chemicals use
solvents or during test operation were new from the manufactu
03
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and that they were fresh and of high-grade purity. The deioni
water was tested to verify that it had an ionic conductivity ne
zero.

The calibration standards for the phenanthrene analyses
HPLC were prepared in two different concentration ranges, a
each series contained at least four standard solutions that cov
an order of magnitude in concentration or more. The linearity
the calibration graph was always checked to make sure that
regression coefficient (R2) was close to one, and sample blank
without contamination, were injected regularly to ensure that t
the system remained uncontaminated. Duplicate standard sam
were commonly injected to certify a uniform response, and
ensure that the calibration graph and the baseline remained st
The syringe was rinsed with solvent several times betwe
sample injections to reduce contamination carryover.

After the electrokinetic tests were completed, the cumulat
mass of phenanthrene collected in the effluent samples and
residual mass of phenanthrene remaining in the soil were adde
determine the total measured mass. This total measured ma
phenanthrene subsequent to testing was then divided by the in
mass of phenanthrene present in the soil prior to testing to c
pute the mass balance. The initial mass was computed from
mass of soil placed into the reactor times the initial phenanthr
concentration. Relatively good mass balances (610%) were
found for the experiments, demonstrating that the phenanthr
losses were not significant and the testing procedures and qu
control were adequate. Discrepancies in the mass balance ma
caused by uneven contaminant distribution within the soil, det
tion limitations in the chemical analyses, or contaminant adso
tion to the electrokinetic equipment, such as the plexiglass ch
bers, the electrodes, porous stones, tubing, and/or sample bo
Volatilization of phenanthrene along with the solvents during t
extraction procedures may have also caused mass balance d
ences.

Results and Analysis

Current

Fig. 2 shows the current in the kaolin and glacial till soils for th
three different solutions, deionized water, 3% Tween 80, and 4
ethanol. The current values follow the same trend in all six te
Initially, or within hours after applying the voltage, the curre
reaches a peak value. Then, for about a week, the values dec
rapidly, and, over the next few weeks, the rate of decrease gra
ally declines. Finally, after approximately 50 days, the curre
attains a relatively stable or long-term value that basically in
cates the electrical conductivity characteristics of the solution d
ing electrokinetics. By comparing the results for the two soils
Fig. 2, it is obvious that for all three solutions the long-ter
current values are approximately ten times higher in the gla
till than in the kaolin, and this reflects that a consistently larg
amount of ion solubilization was occurring during the glacial t
tests. Clearly, the changes in electrical conductivity that resu
from using different types of solution were minor compared to t
changes in conductivity produced when using different types
soil. Generally, the long-term current values in glacial till we
observed to fluctuate slightly more than in kaolin, and this
attributed to the more diverse mineral composition and poss
non-uniform mineral dissolution. In the baseline deionized wa
and 3% Tween 80 tests, the current in the glacial till soil remain
fairly high and may have even slightly increased after about 1
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days. Apparently, compared to the kaolin soil, the presence
salts and carbonates and a higher amount of mineral dissolu
slightly increased the electrical current and conductivity in
glacial till soil.

Grundl and Michalski~1996! found that the current increase
over time in electrokinetic tests conducted with glacial till, a
Pamukcu~1994! showed current values that fluctuated, increas
and decreased in different tests conducted with field soils. Th
fore, it seems that with heterogeneous field soils such as gla
till, the long-term current may be highly correlated to the min
alogy, and in some instances it is possible for the current to
crease over time. It should also be recognized that the electro
reaction at the anode causes an increase of H1 ions, which are
then transported through the soil specimen by electromigra
and electro-osmosis~Acar et al. 1995!. The movement of this
acid front through the soil may increase mineral and salt diss
tion and thereby increase ion solubilization and electrical curr

As shown in Fig. 2, the kaolin soil test using the nonion
surfactant, 3% Tween 80, had a slightly higher long-term curr
value than the baseline deionized water test. There is evid
that nonionic surfactants may possibly acquire an ionic cha
~Rosen 1989; Edwards et al. 1994; Ko et al. 1998b!, and, there-
fore, the sorption or presence of monomers and/or micelles
change the solution chemistry or the charge on the soil surfac
there is an increase in ion solubilization and a higher elec
current results. In the glacial till soil, the 3% Tween 80 soluti
had a long-term current value that was nearly the same as de
ized water, and this may be due to the greater number of ion
solution. Hamann et al.~1998! showed that at high ion concen
trations, the conductivity of an electrolyte could actually decre
because there are a greater number of interionic interaction
addition, it is likely that more surfactant sorption occurred in t

Fig. 2. Comparison of current in kaolin and glacial till soils
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glacial till soil due to its higher-organic content, and, con
quently, a lower number of surfactant micelles were presen
solution, and this led to a reduction of ion solubilization. In eith
soil, glacial till or kaolin, the results show that the 40% etha
flushing solution had a lower long-term current than the other
solutions, and this is attributed to its lower dielectric constant
the reduced amount of ion dissociation.

Electroosmotic Flow

As mentioned earlier, electromigration is the transport mechan
that fundamentally drives the electro-osmotic flow, but phen
threne is an uncharged compound, and the surfactant and c
vent were also nonionic or uncharged, so electro-osmosis
deemed to be the primary mechanism responsible for contam
transport. Essentially, the surfactant and/or cosolvent were ne
sary for enhancing phenanthrene desorption and solubiliza
but electro-osmosis was required to increase soil-solut
contaminant interaction and, after the phenanthrene had
solubilized, electro-osmosis would be the most important mod
contaminant transport.

The soil porosity of the kaolin~46%! and the glacial till~30%!
can be used along with the total volume of the reactor (577 c3)
to estimate the size of a pore volume for the kaolin~265 mL! and
the glacial till ~170 mL! soils. Similarly, the dry mass of soil tha
was placed into the cell~approximately 800 g for kaolin an
1,000 g for glacial till! can be used along with theKd values to
estimate the number of pore volumes that would be require
solubilize the contaminant mass. These calculations indicate
over 1,200 pore volumes of deionized water would be neces
to remove the phenanthrene from the glacial till soil, wher
significantly lower-pore volumes~59 pore volumes for 3% Twee
80 or 118 pore volumes for 40% ethanol! were calculated for the
surfactant or the cosolvent. As shown in Table 2, lowerKd values
were measured for the kaolin soil, and the number of pore
umes reduced to 9 and 33 for the 3% Tween 80 and 40% eth
solutions, respectively. Fig. 3 shows that for both soils the cu
lative electro-osmotic flow volume was much less than that
quired based on theKd values to remove phenanthrene. Howev
it should be noted that the mass transport and removal me
nisms that occur during hydraulic flushing and those that oc
during electrokinetics can be quite different.

As previously mentioned, the electro-osmotic conductivityKe

is related to the electro-osmotic flow velocityveo by veo5Ke Ex .
For the electrokinetic tests, theKe was computed from the fol
lowing equation:

Ke5S Q

t D S 1

AD S L

DED
where Q5cumulative electro-osmotic flow in cm3; t5elapsed
time in seconds;A5cross-sectional area of the electrokinetic
actor ~approximately 30.19 cm2); L5distance between the ele
trodes; andDE5difference in voltage. As observed in Table
the electrical gradient (Ex)5(DE/L) was equal to 1 VDC/cm for
all six tests. In contrast to the electro-osmotic flow velocity,
hydraulic flow velocity is given byv5k i, wherek is the hydrau-
lic conductivity andi is the hydraulic gradient (Dh/L) or pres-
sure head loss per unit length~Holtz and Kovacs 1981!.

Fig. 3 shows a comparison of the cumulative electro-osm
flow produced during the six electrokinetic tests performed us
the kaolin and glacial till soils. The trend of the cumulati
electro-osmotic flow somewhat correlated with the electric c
rent in that the experiments exhibited a little more flow during
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first week when the current was high, and then the flow r
slightly decreased as the current reduced. Comparing the
soils, it is apparent that the higher conductivity and ionic mig
tion in the glacial till resulted in a significantly higher-cumulativ
electro-osmotic flow for all three solutions. Average electr
osmotic conductivity (Ke) values of 2.4631026 and 3.15
31026, 1.1831026 and 2.5931026, and 0.8231026 and 1.29
31026 cm2/(s volt) were computed for the deionized water, 3
Tween 80, and 40% ethanol solutions in the kaolin and glacial
soils, respectively. Since the electrical gradient (Ex)5(DE/L)
was equal to 1 VDC/cm for all six tests, these sameKe values
were equal to the electro-osmotic flow velocity with units of cm
To compare these electro-osmotic flow velocity values to the fl
velocity produced by an hydraulic gradient, the hydraulic cond
tivity values for kaolin and glacial till, 131028 and 8.831028,
~from Table 2! respectively, can be used. For instance, the lowe
electro-osmotic flow velocity, 0.8231026 cm/s, occurred in the
test using the 40% ethanol solution in the kaolin soil, and
approximate hydraulic gradient for this test would bev/k50.82
31026/131028582, or a pressure head of about 15.7 m for
19.1 cm length of soil. This large head loss suggests that solu
transport occurred mainly as a result of electroosmosis.

It should be recognized that water is a highly polar substa
with a large dielectric constant, so ion dissociation occurs m
easily in water than in a lower-polarity and lower-dielectric co
stant solution such as 40% ethanol~Hamann et al. 1998!. Accord-
ing to the Helmholtz-Smoluchowski theory~H-S theory!, the
electro-osmotic flow is proportional to the dielectric constant
the fluid, the zeta potential, and the electric-field strength, a
inversely proportional to the fluid viscosity. By H-S theory, wate
which has a high-dielectric constant and low viscosity, sho

Fig. 3. Comparison of electro-osmotic flow in kaolin and glacial t
soils
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produce a greater electro-osmotic flow than a 40% ethanol
tion, which has a lower-dielectric constant, or a surfactant s
tion, which may have a much higher viscosity. It is also usefu
observe that the electro-osmotic flow is directly proportiona
the zeta potential, which is partially a function of the charge
the mineral surface and may be affected by changes in
~Eykholt and Daniel 1994; Vane and Zang 1997!.

The largest difference in cumulative electro-osmotic flow
tween the two soils occurred with the 3% Tween 80 solut
where, after approximately 160 days, the flow in the glacial
experiment was more than double the amount in the kaolin te
the kaolin soil, the 3% Tween 80 surfactant appears to inhib
hinder electro-osmotic flow compared to deionized water, bu
glacial till, it seems that the 3% Tween 80 had very little effect
electro-osmotic flow, and the flow was nearly the same, an
times greater, than the flow measured in the deionized water
In kaolin, the surfactant solutions lower the electro-osmotic fl
because it seems that the monomers at the soil-solution inte
affect the diffuse double layer region and/or ionic migration
that region. Moreover, it should be remembered that noni
surfactant monomers may acquire charges or sorb to the su
of the mineral and/or become protonated~Rosen 1989!, and this
could cause the mineral surface to become more positive, the
changing the zeta potential, which by H-S theory, could red
the electro-osmotic flow. In other words, nonionic surfact
monomers may increase the mineral surface charge, and, s
quently, reduce the electro-osmotic flow, and this appears t
the case in the kaolin soil. Glacial till, however, has a hi
buffering capacity, so the H1 ions may combine with other spe
cies that are present, such as carbonates. Consequently, th
factant monomers that are sorbed to the mineral surface in g
till may not become protonated or attract H1 ions, and the min
eral surface charge and zeta potential could remain negat
charged. The mineral surface could even become more nega
charged when micelles are present if the micelles attract H1 ions
away from the mineral surface, and this could help to increase
electro-osmotic flow.

The high acid buffering capacity of glacial till is probab
responsible for the higher-cumulative electro-osmotic flow in
baseline deionized water and 40% ethanol tests. Kaolin h
low-acid buffering capacity so the high H1 concentration gener
ated due to the electrolysis reaction at the anode leads to
formation of an acidic front that is transported through the
specimen by electromigration and electroosmosis~Acar et al.
1995!. As the acid solution migrates into the kaolin, the charge
the mineral surface increases, thereby changing the zeta pote
and, subsequently, the electro-osmotic flow in the region nea
anode reduces. Conversely, in glacial till, carbonate minerals
present that buffer the acid generated at the anode, and this
the pH high, the zeta potential relatively unchanged, and
electro-osmotic flow is basically unaffected by the electroly
reaction at the anode. The lower flow of the 40% ethanol c
pared to the baseline tests in both soils can be attributed t
significantly lower dielectric constant for ethanol, and, accord
to H-S theory, the electroosmotic flow velocity is directly prop
tional to the dielectric constant.

Cumulative Mass Removal

Fig. 4 shows the cumulative mass of phenanthrene remove
the three different flushing solutions during the electrokinetic t
performed using the two soils, kaolin and glacial till. The res
show that for all six tests each of the solutions produced
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low-contaminant mass removal. The highest-cumulative mas
moved was about 450mg of phenanthrene, and this was measu
in the test using 40% ethanol in kaolin soil. However, compa
to the initial mass of roughly 400,000mg this amount of mass wa
almost negligible. Although there was not much mass remova
any of the tests, the results show that some solubilization occu
in the tests using surfactants/cosolvents, but, since the solu
of phenanthrene is so low in deionized water, no phenanth
was detected in the effluent when this flushing solution was u
PAHs such as phenanthrene have a tendency to bind or ass
with organic matter because organic matter often contains hy
phobic sites and characteristics that are similar to PAHs~Means
et al. 1980; Chiou et al. 1998; Gillette et al. 1999!. Therefore,
since glacial till has a higher-organic content, it was expecte
be more difficult to remove phenanthrene from glacial till. T
expectation was reinforced when the 40% ethanol flushing s
tion was used, because, as shown in Fig. 4, a significantly hi
removal resulted from the kaolin than the glacial till soil.
should be mentioned that at the conclusion of each electrokin
experiment, the solution in the cathode compartment was
lyzed, and, as seen in the 40% ethanol in kaolin test, occasio
this final sample caused a peak in phenanthrene mass. This
in mass is probably because some phenanthrene concentra
the solution contained in the cathode compartment and it did
flow out to the effluent sample bottle.

As seen in Fig. 4, the 3% Tween 80 flushing solution remo
significantly more phenanthrene mass from glacial till than
olin. The electro-osmotic flow of the 3% Tween 80 solution
glacial till was more than double the amount in the kaolin te
and the extra soil-solution-contaminant interaction could h

Fig. 4. Comparison of phenanthrene mass removal from kaolin
glacial till soils
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for all the solutions. The electro-osmotic flow in all the expe
ments was directed from the anode towards the cathode, so2

electromigration counteracts the electro-osmotic flow. Thus, w
the 40% ethanol solution was used, there was a lower amou
electro-osmotic flow to counteract OH2 electromigration, and, a
seen in the figure, this allowed the OH2 ions to move further into
the glacial till. The electro-osmotic flow for the 3% Tween 80 a
deionized water tests were similar in glacial till, so the pH profi
were also similar.

Generally, when the electro-osmotic flow reduces, it allows
concentration of ions generated by the electrolysis reaction
increase. These ions will then move towards the opposite e
trode due to electromigration, but, depending on the direct
electro-osmosis may hinder or aid ion transport. In kaolin, the
Tween 80 and 40% ethanol tests had a lower-electro-osmotic
than deionized water, so this allowed the H1 concentration nea
the anode to increase in these tests. The low pH exacerbate
situation because it can increase the charge on the minera
face, which changes the zeta potential and further lowers
electro-osmotic flow. In contrast, the greater electro-osmotic fl
produced by deionized water in the kaolin test allowed additio
inflow of high-pH solution and less time for the electrolysis re
tion at the anode to concentrate the H1 ions, therefore, the pH
near the anode was slightly higher in this test.

Residual Phenanthrene Distribution

Fig. 6 shows a comparison of the residual phenanthrene dist
tion in the different soils, kaolin and glacial till, at the conclusi
of the electrokinetic experiments. Since phenanthrene has su
low solubility in deionized water, the tests using this flush
solution did not show any phenanthrene migration, and the s
variability was most likely due to small differences in the init
contaminant distribution. It was encouraging, however, that
profiles showed evidence of some phenanthrene migration
wards the cathode with both the 3% Tween 80 and 40% eth
solutions. PAHs are often associated with organic matter and
cial till had a greater organic content, so the phenanthrene
moval from glacial till would be more difficult. Comparing th
two soils in Fig. 6, it can be seen that in the section neares
anode, both the 3% Tween 80 and the 40% ethanol solubil
less phenanthrene from the glacial till than kaolin. Although
ganic material dissolution may increase under high-pH condit
~Laor et al. 1998!, and phenanthrene could subsequently bind
complex with the dissolved organic matter, Figs. 5 and 6 indic
that the high-pH region in the glacial till did not result in grea
phenanthrene removal. In both kaolin and glacial till, the
Tween 80 and the 40% ethanol tests had cleaner soil sections
the anode, and this is probably due to the greater amount of
solution-contaminant interaction, or flushing action, and
higher-electro-osmotic flow that traveled through this region
addition, the low pH in this region could have caused clay part
flocculation, whereby the soil formed a more open structure
allowed additional soil-solution-contaminant interaction~Lambe
and Whitman 1969!.

As seen in Fig. 6, in kaolin or glacial till, the 3% Tween 80 a
40% ethanol experiments resulted in some contaminant des
tion and solubilization near the anode. For both the kaolin
glacial till tests using the 3% Tween 80 flushing solution,
phenanthrene concentration was less than the initial concentr
in the two soil sections nearest to the anode, but it was sig
cantly higher than the initial concentration in the soil in t
been responsible for the increased removal. Furthermore,
important to recognize that both the tests employing the
Tween 80 solution had a low amount of contaminant remo
compared to the results from the batch tests~Saichek 2002!, so
there may not have been sufficient soil-solution-contaminan
teraction and/or the kinetics, or reaction rate, may require e
time for solubilization or micellization~Grimberg et al. 1995
Yoem et al. 1996; Patterson et al. 1999!. Moreover, although the
Tween 80 concentration was significantly above the critical
celle concentration investigators have found that surfactant s
tion may continue well beyond this point~Pennell et al. 1993
Adeel and Luthy 1995; Ko et al. 1998a!, and the contaminan
may then partition to the sorbed surfactant.

Comparison of pH

Fig. 5 compares the pH profiles in kaolin and glacial till soils
the conclusion of the electrokinetic experiments. For all th
solutions, the results clearly show that glacial till had a high-a
buffering capacity, because the pH in the glacial till was well o
6.0 near the anode. Conversely, kaolin has a low-acid buffe
capacity, so the electrolysis reaction at the anode generated a
concentration of H1 ions, and, for all the solutions, the pH w
near 4.0 near the anode. Moreover, the H1 ions in the kaolin soil
migrate into the soil due to electromigration and electro-osm
flow, so the pH conditions for the kaolin tests are acidic along
length of the profile. In glacial till, the H1 ions generated at th
anode are buffered due to the high-carbonate content, so the
minimal amount of H1 migration, but, as seen in the figure, OH2,
which is generated by the electrolysis reaction at the cath
electromigrated into the soil and raised the pH near the cat
03
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and the cumulative mass removal, and, at the conclusion of
ing, the pH and residual contaminant concentration in the
were measured. The following conclusions can be drawn fr
this study:
1. Generally, PAHs bind and associate with organic matter, a

since glacial till has a higher-organic content, phenanthr
seemed to be more difficult to remove from glacial till. Fu
thermore, phenanthrene and organic matter association
even more evident considering that a higher amount
electro-osmotic flow and soil-solution-contaminant intera
tion occurred in the glacial till experiments.

2. Compared to kaolin, glacial till has a more diverse miner
ogy and chemistry, and it appears that the presence of
and carbonates as well as a higher amount of mineral di
lution in the tests conducted with glacial till resulted in si
nificantly higher long-term electric current values. Moreov
the small changes in electrical current that resulted fr
using different types of flushing solutions were minor co
pared to the changes in current that resulted from using
ferent types of soil.

3. The high carbonate content in glacial till results in a lar
acid buffering capacity that is advantageous for counter
ing the electrolysis reaction at the anode and, conseque
increasing the electro-osmotic flow. The reduction in H1

concentration due to carbonates appears to be particu
beneficial when nonionic surfactants are present, becaus
surfactants molecules may adsorb to the mineral surface
become protonated at high-H1 concentrations. The sorbe
and protontated surfactant molecules cause the mineral
face to become more positively charged and this results
lower electro-osmotic flow. The acid buffering capacity
glacial till prevents high-H1 concentrations, and the glacia
till test using 3% Tween 80 had more than double the flow
the kaolin test using 3% Tween 80. Furthermore, the hig
flow in glacial till as compared to kaolin was probably r
sponsible for removing more phenanthrene when the
Tween 80 flushing solution was employed.

4. Significant phenanthrene desorption, solubilization, and
gration occurred when the 3% Tween 80 and 40% etha
flushing solutions were used, but it appears that change
the soil and/or solution chemistry in regions further towar
the cathode caused the contaminant to sorb, become trap
or precipitate back onto the soil particles. Thus, although
results are promising, further research is necessary to o
mize the electrokinetically enhanced in situ flushing proc
for PAH-contaminated soils.
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