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Surfactant-enhanced electrokinetic remediation
of polycyclic aromatic hydrocarbons in
heterogeneous subsurface environments

Richard E. Saichek and Krishna R. Reddy

Abstract: Polycyclic aromatic hydrocarbon (PAH) contamination exists at numerous sites and poses a substantial risk

to public health and the environment. Electrokinetic remediation technology has the potential to treat PAH-contaminated
soils, but the effect of soil heterogeneities such as layers, lenses, and mixtures of different soils on the electrokinetic
process has not been adequately studied. This study evaluates surfactant-enhanced electrokinetic remediation under
heterogeneous soil conditions. A series of bench-scale experiments was conducted using two soils (sand and kaolin) spiked
with a representative PAH compound (phenanthrene) in a two-dimensional electrokinetic test apparatus under various
layered, lens, or mixed soil configurations. In addition, the homogeneous sand and kaolin soils were each tested alone for
comparison purposes. All the experiments employed the same nonionic surfactant (5% Igepal CA-720) flushing solution
and a low (0.05) hydraulic gradient. The results showed that the surfactant flushing under the low hydraulic gradient alone
was sufficient for complete removal of the contaminant from the homogeneous sand profile, whereas the electroosmotic
flow generated by the application of a DC 2.0 V/cm electric potential in a periodic mode considerably enhanced the
removal efficiency for the homogeneous and heterogeneous soil profiles containing kaolin. The voltage gradient varied
spatially and temporally through the soil profiles and affected the electroosmotic flow and contaminant removal.

Key words: clays, electrokinetic remediation, electroosmosis, flushing, heterogeneity, polycyclic aromatic hydrocarbons
(PAHs), phenanthrene, soils, sorption, solubilization, surfactants.

Résumé : De nombreux sites présentent une contamination aux hydrocarbures aromatiques polycycliques (HAP) et cela
pose un grand risque pour la santé publique et I’environnement. La technologie de restauration électrocinétique peut
traiter les sols contaminés aux HAP, mais I’effet de I’'hétérogénéité du sol, représenté par des couches, des lentilles et
des mélanges de différents sols, sur le procédé électrocinétique n’a pas été suffisamment étudié. Cette étude évalue la
restauration électrocinétique améliorée par des surfactants sous des conditions de sols hétérogenes. Une série d’expériences
en laboratoire a été effectuée sur deux types de sols (sable et kaolin) auxquels on a ajouté un composé représentatif des
HAP (phénanthréne) dans un appareil d’essai électrocinétique bidimensionnel sous diverses configurations de sols : en
couches, en lentilles ou mélangés. De plus, les sols homogenes de sable et de kaolin ont chacun été testés seuls a des
fins de comparaison. Toutes les expériences utilisaient la méme solution de lessivage rapide comportant un surfactant
non ionique (Igepal CA-720 5 %) et un faible gradient hydraulique de 0,05. Les résultats montrent que le lessivage
rapide du surfactant sous un faible gradient hydraulique seul était suffisant pour enlever complétement le contaminant
du profil de sable homogene, alors que I’écoulement par électroosmose généré par 1’application d’un potentiel électrique
de CC 2,0 V/cm de maniere périodique a amélioré considérablement I’efficacité d’élimination dans les profils de sols
homogenes et hétérogenes contenant du kaolin. Le gradient de tension variait dans 1’espace et dans le temps dans les
profils de sols et affectait 1’écoulement par électroosmose et I’élimination du contaminant.

Mots clés : argiles, restauration électrocinétique, électroosmose, lessivage rapide, hétérogénéité, hydrocarbures aromatiques
polycycliques (HAP), phénanthréne, sols, sorption, solubilisation, surfactants.

[Traduit par la Rédaction]

Introduction

Polycyclic aromatic hydrocarbon (PAH) contamination of
soils and groundwater is a formidable problem, and many stud-
ies have been conducted to develop innovative remediation

technologies and assess contaminant fate and transport (Luthy
et al. 1997; Li et al. 2000; USEPA 2000). One of the most
promising remediation techniques for PAHS is in situ soil flush-
ing with chemically engineered flushing agents, such as surfac-
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tants and (or) cosolvents (Sabatini et al. 1995; National Re-
search Council 1997). Although the in situ flushing process is
promising for PAH removal, homogeneous soils with a low
organic content and a high permeability are generally the best
candidates for treatment. Conversely, low contaminant removal
and tailing often occur when the in situ flushing process is used
under heterogeneous subsurface conditions with layers, lenses,
or mixtures of organic and (or) low permeability soils (Foun-
tain et al. 1995). This low removal and tailing behavior is at-
tributed to the movement of the flushing solution, which tends
to flow along paths of high permeability, whereas the contami-
nant transport from organic or low permeability soil regions is
controlled mainly by diffusion.

Electrokinetic remediation can be integrated with the in situ
flushing technique by placing electrodes in the injection and
extraction wells and by applying a low voltage gradient. The
voltage gradient induces electroosmotic flow, which has the po-
tential to improve contaminant removal from organic or low per-
meability argillaceous soils. Gray and Mitchell (1967), Eykholt
(1992), Acar and Alshawabkeh (1993), Eykholt and Daniel
(1994), and Acar et al. (1995) have outlined the different factors
and processes that affect electrokinetic remediation.

During electrokinetics, the electrolysis of water occurs at
the electrodes, generating oxygen gas and hydrogen (H™) ions
(low-pH solution) at the anode (eq. [1]) and hydrogen gas and
hydroxyl (OH™)ions (high-pH solution) at the cathode (eq. [2]):

[1] 2H>,0 — 4e™ + O02(g) + 4H™" oxidation (anode)
2] 2H>0 + 2e~ — Hs(g) + 20H™ reduction (cathode)

The electric potential induces several contaminant transport
mechanisms, such as electromigration, electroosmosis, elec-
trophoresis, and diffusion. Electromigration refers to the trans-
port of ionic species in the pore fluid; this is the main mech-
anism by which the electrical current flows through the soil.
Electromigration also includes the movement of Ht and OH™
ions produced by electrolysis toward the oppositely charged
electrode. Electroosmosis describes the bulk movement of the
pore fluid, and electroosmotic flow is produced because ex-
cess ions migrating toward the oppositely charged electrode
transfer momentum to the surrounding pore fluid molecules
(Eykholt 1992). Lastly, electrophoresis describes the transport
of colloidal-sized particles through the pore fluid, and diffusion
refers to the transport of species due to concentration gradients.

The Helmholz—Smoluchowski (H-S) equation is often used
to estimate the average electroosmotic flow velocity (veo)
(Eykholt and Daniel 1994; Mitchell 1993):

Degg
Bl veo= 2%,

According to this equation, the flow velocity is proportional
to the electrical gradient (E,), zeta potential (¢), and dielec-
tric constant (D), and it is inversely proportional to the vis-
cosity (n). The (g9) term represents the permittivity of vacuum
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(8.854 x 10~12 F/m), and the dielectric constant and viscos-
ity are properties of the pore fluid. The zeta potential depends
on the zero point of charge (ZPC), which refers to the pH at
which the net charge on the soil particle surface is zero. When
the pH is above the ZPC, the soil particles usually have a neg-
ative zeta potential and the electroosmotic flow occurs toward
the cathode. Conversely, when the pH is below the ZPC, the
soil particle surfaces generally have a positive zeta potential
and the electroosmotic flow occurs toward the anode (reverse
electroosmotic flow) (Shapiro and Probstein 1993). The H-S
equation suggests that in addition to the pH, many other factors
might affect the electroosmotic flow. For instance, the surface
charge of the soil particles and the zeta potential are affected
by changes in the ionic strength, dielectric constant, and vis-
cosity. Furthermore, the electrical gradient may not be uniform
through the soil, and hence, the electroosmotic flow is generally
not uniform spatially or temporally (Eykholt and Daniel 1994).

It should be noted that contaminant transport occurs primarily
through the pore fluid, so the electrokinetic remediation process
is not effective unless the contaminants are soluble or are con-
verted to a soluble form. Hence, surfactants were combined with
the electrokinetic technique to increase PAH solubility through
micellar solubilization (Myers 1988). The critical micelle con-
centration occurs when the surfactant molecules begin to ag-
gregate into colloidal-sized structures (micelles). The micelles
possess an interior lipophilic region where PAH molecules par-
tition and accumulate, which greatly increases the solubility of
PAH contaminants.

Many other studies have used surfactant-enhanced electroki-
netics for the remediation of various hydrophobic organic com-
pounds (Pamukcu 1994; Ko et al. 2000), but these studies have
not adequately investigated the effects of heterogeneous soil
conditions. Pamukcu (1994) identified variations between clay-
rich and granular-soil specimens, but the effects of soil profiles,
such as layers, lenses, and soil mixtures, were not addressed.
Therefore, the main objective of this investigation was to con-
duct controlled laboratory experiments to determine how the
electrokinetically enhanced in situ flushing process affected dif-
ferent PAH-contaminated heterogeneous soil profiles, particu-
larly with respect to layers, lenses, and mixtures of soils with
widely different permeabilities. The tests were performed using
aspecially designed and fabricated bench-scale two-dimension-
al (2-D) electrokinetic apparatus for both the homogeneous and
heterogeneous soil conditions. For all the experiments, a com-
mon PAH compound, phenanthrene, was selected as the repre-
sentative contaminant.

A laboratory research program consisting of batch tests and
one-dimensional (1-D) bench-scale electrokinetic tests was con-
ducted previously (Saichek 2002). These previous 1-D elec-
trokinetic experiments illustrated the effects of different oper-
ating parameters, including the soil type, surfactant type and
concentration, pH, voltage gradient, and periodic voltage ap-
plication. The earlier efforts were incorporated into the present
2-D experiments, which employed a 5% nonionic surfactant
solution and a DC 2.0 V/cm voltage gradient with a periodic
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Table 1. Properties of soils.

Property Kaolin Sand
Mineralogy Kaolinite: 100%; Quartz:
Muscovite: 100%
trace; Illite:
trace
Particle size distribution
(ASTM D 422) (%)
Gravel 0 0
Sand 4 100
Silt 18 0
Clay 78 0
Specific gravity (ASTM D 2.6 2.65
854)
Hydraulic conductivity (cm/s) 1.0x 1078 3.4x1073
Cation exchange capacity 1.0-1.6 NA
(mequiv/100 g) (ASTM D
9081)
pH (ASTM D 4972) 4.9 7.3
Organic content (%) (ASTM Near 0 Near 0
D 2974)
USCS classification (ASTM CL SP
D 2487)

Note: NA, not applicable.

Table 2. Initial soil conditions”.

Soil profile Dry mass of Dry mass of Bulk density

sand (g) kaolin (g) (g/cm®)
Homogeneous 3104 0 1.552
sand
Homogeneous 0 2684 1.342
kaolin
Top kaolin, 1500 1800 1.650
bottom sand
Kaolin lens 2820 250 1.535
10% kaolin and 2947 328 1.638
90% sand
mixture

*Volume of soil chamber is 2000 cm?.

mode of application.

Experimental methodology

Materials

Kaolin (VWR Scientific Products) and fine sand (U.S. Silica
F-110, U.S. Silica Company) were used in this research; the
physical and chemical properties of these soils are summarized
in Table 1. The kaolin was used to simulate a typical clayey soil
encountered at contaminated sites.

Phenanthrene (C14H19, 98% pure, Aldrich Chemical Com-
pany) has a molecular weight of 178.2 and is a grayish-white
crystalline powder. It has an approximate aqueous solubility of
1.1 mg/L and a log Ky, of 4.57 at 25 °C (Schwarzenbach et al.
1993).
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A 5% nonionic octylphenol polyoxyethylene surfactant
(Igepal CA-720) was used as the flushing solution. The chemi-
cal formulais CgPE |7, where C represents the alkyl chain length
(-CH3-), P represents a phenol ring (-CgHg-), and E represents
an ethoxylate group (CH,CH»O) (Yeom et al. 1995). This par-
ticular surfactant and its concentration were selected primarily
because of its compatibility with the electrokinetic process and
its success in previously conducted batch tests and 1-D elec-
trokinetic experiments (Saichek 2002).

Electrokinetic apparatus

A 2-D electrokinetic apparatus (Fig. 1) was used to simulate
contaminant transport. The 2-D apparatus consisted of a Plex-
iglas™ soil chamber, two electrode compartments, an anode
reservoir, a cathode bottle, a power supply, a multimeter, and
peripherals such as tubing, wiring, and stands. The soil cham-
ber measured 20.0 cm in length, 5.0 cm in width, and 20.0 cm
in height, and each electrode compartment measured 4.7 cm in
length, 5.0 cm in width, and 20.0 cm in height. The electrodes
consisted of 1.3-cm-diameter and 20.0-cm-long EG-3 graphite
rods (EDM Graphite Corp.) that were sealed into the electrode
chamber by using recessed rubber O-rings. The anode reservoir
was constructed using a Mariotte siphon design to maintain a
low and constant hydraulic head. A perforated Plexiglas™ di-
vider covered with Whatman #1 filter paper separated the soil
from the electrode compartment, and the filter paper was em-
ployed to inhibit the migration of colloidal particles into the
electrode compartments. Three gas vents were included to al-
low the gas that developed during the electrolysis reactions to
escape. The top and bottom of the Plexiglas™ cell were remov-
able.

Nine sampling ports were included at approximately 5-cm
intervals in the horizontal and vertical directions to measure
the electrical potential variations within the soil profile. Each
sampling port consisted of a rubber septum held in place by an
aluminum fitting. Stainless steel probes were inserted through
the rubber septa to measure the electrical potential at each port
position.

Testing program

Five different 2-D experiments were conducted with the
phenanthrene-spiked soils. Initially, baseline comparison tests
were conducted by performing two separate experiments using
homogeneous soil profiles. Specifically, one baseline test used
only sand, whereas the other used only kaolin. Because sand
has a high hydraulic conductivity, an electric potential was not
required to produce adequate flow. In other words, electrokinet-
ics was not applied to the homogeneous sand test; this test was
simply conducted as an in situ soil flushing experiment using a
low (0.05) hydraulic gradient. Conversely, because of the much
lower hydraulic conductivity of kaolin, the test employing the
homogeneous kaolin soil profile did not generate any outflow
after application of the low hydraulic gradient, so the flow in
this test was due to electrokinetics and the transport mechanism
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Fig. 1. Schematic of 2-D electrokinetic test apparatus.
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of electroosmosis. In addition to the two homogeneous base-
line tests, three heterogeneous soil profiles were tested. The first
profile consisted of a kaolin layer overlying a sand layer. The
second profile consisted of a circular lens of kaolin (approxi-
mately 5 cm in diameter) in the center of a sand layer. The third
profile consisted of a soil mixture of 10 % kaolin and 90% sand.

Testing procedure

For all the tests, the soils were spiked with phenanthrene at a
target concentration of 500 mg/kg (mass of phenanthrene/mass
of dry soil), which represents the typical PAH concentrations
found near source zones at contaminated sites (USEPA 2000).
Approximately 4.0 kg of soil was spiked for each test. Ini-
tially, the mass of phenanthrene required to yield the target
concentration was measured and then completely dissolved in
about 500 mL of hexane. Hexane was used instead of water be-
cause phenanthrene has extremely low solubility in water. The
hexane—phenanthrene mixture was subsequently mixed with
the measured amount of soil. Additional hexane was added so
that the soil-hexane—phenanthrene mixture could be stirred eas-
ily. The mixtures were stirred with stainless steel spoons, and all
mixing operations were performed in glass beakers. The soil—
hexane—phenanthrene mixture was then placed in a ventilation
hood for nearly a week until the hexane completely evaporated
and the contaminated soil was dry. The initial concentration of
phenanthrene in the soil was then determined.

The phenanthrene-contaminated kaolin soil was subsequently
mixed with a measured amount of deionized water in a glass
pan. The target water content for the kaolin soil was 35%. The
moist soil was then placed in the soil chamber in layers, and
each layer was tamped into the chamber using an aluminum
pestle so that the amount of void space was minimized. Once

CATHODE

ASSEMBLY

{5x5x20cm)
SAMPLING PORT

the soil was fully packed into the chamber, the peripheral equip-
ment was attached to complete the assembly of the apparatus.
The cathode compartment was filled with deionized water, and
the anode compartment and reservoir were filled with the sur-
factant solution (5% Igepal CA-720). The periodic DC-voltage
gradient was then applied for the designated time duration. The
periodic voltage was cycled for 5 d on and then 2 d off.

The electrical current and the volume of effluent were rou-
tinely measured, and aliquots of the effluent solution were col-
lected for chemical analysis and the determination of contami-
nant mass removal. The electrical potential (voltage) value from
the cathode to each of the nine ports was also measured using
a multimeter to examine the spatial variation of electrical po-
tential through the soil. The tests were run until the applied
current greatly decreased through the soil or it appeared that
the phenanthrene concentration in the effluent had reached a
steady state condition. After the tests were completed, the soil
was extruded and divided into nine sections that corresponded
to the nine port positions and then divided along the vertical
and horizontal directions, where each section was about 7 cm X
7 cm x 5 cm. Representative samples were taken from each soil
section for the determination of moisture content, soil pH, and
phenanthrene concentration. Soil pH measurements were deter-
mined using a soil-to-water ratio of 1:1 as described by Mitchell
(1993). Generally, 10 mL of deionized water was added to 10 g
of soil, and the pH was measured using a Digi-Sense digital
pH meter that was calibrated using standardized pH solutions.
Water contents were determined using ASTM D 2216.

Chemical analysis

For the chemical analysis of the soil, a Soxhlet extraction
procedure was followed; this procedure is outlined in USEPA
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test method 3540C (USEPA 1986). The solution used in the
Soxhlet extraction process was 190 mL of a 1:1 mixture of
hexane and acetone (Fisher Scientific), and the process was op-
erated at 4-6 cycles/h for at least 24 h. After the extraction was
completed, the volume of the solvent remaining in the Soxh-
let extraction tube and flask was measured, and gas chromato-
graph (GC) analysis was performed on a sample of the liquid.
The soil was usually highly contaminated with phenanthrene,
so the solvent—phenanthrene liquid samples obtained from the
Soxhlet extraction were directly analyzed using the Hewlett-
Packard GC model 6890. Saichek (2002) provided the details
and parameters concerning the operation of the GC.

A liquid-liquid extraction procedure was adopted to extract
the phenanthrene from the aqueous surfactant—cosolvent so-
lution into methylene chloride (dichloromethane) (Fisher Sci-
entific GC Resolv grade). The extraction procedure first con-
sisted of placing 15 mL of methylene chloride into a clean,
empty 40-mL clear or brown glass vial. Then, a 5-mL sam-
ple of the effluent surfactant— cosolvent—phenanthrene solution
was placed in the vial along with the methylene chloride. The
vials were placed on a rotary shaker table at 250 rpm for 24 h.
Since phenanthrene has a high solubility in methylene chlo-
ride, the contaminant was extracted during the shaking process
from the surfactant—cosolvent solution into the methylene chlo-
ride. Moreover, the greater density of the methylene chloride
solvent causes it to sink and form a separate liquid phase be-
neath the aqueous surfactant—cosolvent solution. Thus, after
mechanical shaking, a 1.0-mL aliquot of the methylene chlo-
ride — phenanthrene solution was removed from beneath the
surfactant solution by using a Hamilton glass 1-mL syringe,
and the extracted methylene chloride — phenanthrene solution
was placed in a 2-mL Target auto-sampler vial with a Teflon
screw cap for injection by GC analysis. Between samples, the
syringe was flushed approximately eight times using two flasks
of methylene chloride to avoid cross-contamination.

Quality control

The external calibration standards for the phenanthrene anal-
yses by GC were prepared in two different concentration ranges,
and each series contained at least four standard solutions that
covered an order of magnitude in concentration or more. Sam-
ple blanks were injected to ensure that the system remained un-
contaminated. Duplicate standard samples were also injected to
certify reproducibility of the results and to ensure that the cali-
bration graph and the baseline remained stable. The syringe was
rinsed with solvent several times between sample injections.

An overall mass balance was conducted to account for the
initial mass of phenanthrene spiked into the soil. The mass bal-
ances were accurate to within 73% to 90% of the initially spiked
mass, and three of the five tests had mass balances accurate to
within 85% of the initially spiked mass. Discrepancies in the
mass balance were attributed primarily to uneven contaminant
distribution within the soil or the volatilization of phenanthrene
along with the solvents during the Soxhlet extraction procedure.
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Results and analysis

Hydraulic flushing in sand

For the homogeneous sand test, the electric potential appli-
cation was not necessary because sufficient flow was generated
by the low (0.05) hydraulic gradient. Figure 2 shows the cu-
mulative volume and the mass removed during the flushing
test through the sand profile. Approximately 10 L of surfac-
tant solution were flushed through the sand during an interval
of approximately 19 d; this test had a high flow rate of about
526 mL/d. It is evident that PAHs do not bind strongly to the
silica surface of sand particles, especially when there is a low
organic content (Luthy et al. 1997); consequently, the surfactant
solution rapidly removed the phenanthrene from this sandy soil
in approximately 10 d. No residual mass of phenanthrene was
detected in the exhumed sand samples.

Electrokinetically enhanced flushing in clays and
heterogeneous soils
Electric current

Dry clay particles commonly have a negative surface charge
that is balanced by cations or anions in the form of salt precip-
itates, and when the dry clay particles come into contact with
water (or surfactant solution), the salt precipitates dissolve into
solution, thereby releasing ions (Mitchell 1993). These mobile
ions in solution are largely responsible for producing the elec-
trical current under electrokinetics. but typically a reduction in
current is observed over time. This is because the mobile ions
electromigrate toward the electrodes, where they concentrate,
react with the electrode, or become neutralized by oppositely
charged ionic species (Eykholt 1992; Pamukcu 1994; Grundl
and Michalski 1996). The electrolysis reactions, which produce
H™ ions at the anode and OH ™ ions at the cathode, usually cause
additional variations in the current. These ions tend to migrate
toward the oppositely charged electrode, and they may increase
the current, exchange with ions and affect the charge on the soil
particle surface, and (or) cause salt or mineral precipitation—
dissolution. However, if HT and OH™ ions react to form water
within the soil, a steady state condition may occur, where the
electromigration of these ions will not generate much current
or electroosmotic flow (Dzenitis 1997).

Figure 3 shows the variation in electrical current with elapsed
time for the various soil profiles. For the homogenous kaolin
test, the low (0.05) hydraulic gradient was applied (without volt-
age) for approximately 1.6 d before the voltage gradient was
applied. After the voltage (2.0 V/cm gradient) was applied, the
current quickly reached a maximum level of about 160 mA, but
the current values decreased considerably after the second day
of voltage application. The high 160-mA current resulted from
the initial conductivity of the soil, but the migration of the mo-
bile ions toward the electrodes resulted in a reduction in current
over time. After approximately 20 d, relatively stable and lower
current values between approximately 4 and 12 mA were main-
tained. It should be noted that in the homogeneous kaolin test
the current increased after about 100 d because NaOH solution
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Fig. 2. Cumulative volume of surfactant solution and cumulative mass of phenanthrene removed during the sand test.
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was introduced to induce electroosmotic flow. The homoge-
neous kaolin test was the only test where NaOH was added; the
procedure and reasons for adding this solution will be explained
later in the text under the topic of electroosmotic flow.

For the soil profile consisting of a kaolin layer overlying
a sand layer, the 0.05 hydraulic gradient was maintained for
approximately 14 d prior to the application of voltage. After
the voltage was applied, the current quickly rose to just over
80 mA during the first day (Fig. 3), which was about half the
initial current of the homogeneous kaolin test. By the follow-

ing day, however, the current in the top kaolin with bottom sand
(layered) test had diminished, and over the next week or so it
varied between about 20 and 60 mA. Over the long term, this
test sustained higher current values than those measured in the
homogeneous kaolin test; this is attributed to the greater flow ve-
locity and fluid circulation that occurred owing to the presence
of the higher hydraulic conductivity sand layer. Apparently, the
greater flow or circulation allowed additional mineral or salt
dissolution and ion solubilization from the upper kaolin region
of the soil profile.
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The kaolin lens test was started using the 0.05 hydraulic gra-
dient for approximately 21 d prior to applying the voltage gra-
dient. Since the soil in this test was composed mostly of sand,
very little current was produced after the voltage application.
The small current that did result was most likely due to the dis-
solution of minerals and salts that were present in the kaolin
soil because, as seen in the tests discussed earlier, the initial
current was approximately proportional to the mass of kaolin
present. There were fewer mobile ions in the kaolin lens test,
so the current remained consistently low and varied between
about 4 and 8 mA.

The voltage gradient was applied to the 10% kaolin and 90%
sand test after approximately 9 d of flushing with the 0.05 hy-
draulic gradient. As shown in Fig. 3, the current reached a maxi-
mum value of approximately 17 mA near the start of voltage ap-
plication, and as in the kaolin lens experiment, the small amount
of kaolin used in the 10% kaolin and 90% sand test resulted in
relatively low current values that ranged from about 4 to 7 mA.
This supports the earlier hypothesis that the current is a largely
aresult of the dissolution of minerals and salts that were present
in the kaolin soil.

The fluctuating current pattern that can be observed in all
the electrokinetic tests is a result of the periodic voltage appli-
cation. Typically, the current decreased during the 5-d period
of continuous voltage application as the mobile ions migrated
toward the electrodes. Then the applied voltage was suspended
for 2 d, and it is postulated that additional mineral dissolu-
tion and (or) ion solubilization occurred. When the voltage was
reapplied, current that was measured was often substantially
higher than current that was measured before the “down time”.
The increase of conductivity may be partly explained by study-
ing what happens at the molecular scale. Schwarzenbach et al.
(1993) observed that a stagnant boundary layer of solution nor-
mally surrounds a saturated soil particle and this comparatively
stagnant layer limits the diffusion of molecules into the faster
flowing bulk solution. Thus, when the voltage was not applied
and the flow rate diminished, greater diffusion and molecular
interaction may have occurred between the inner stagnant layer
and the bulk solution, thereby increasing mineral dissolution,
ion solubilization, and solution conductivity. In addition, Mo-
hamedelhassen and Shang (2001) reported that current inter-
mittence causes a charge redistribution (depolarization) of the
electrical diffuse double layer, which may have contributed to
the current increase after the down time.

Voltage

It should be noted that DC 40 V was applied across the elec-
trodes, so if a uniform voltage gradient existed through the soil,
the voltage would have dropped by DC 2 V/cm from the an-
ode to the cathode. However, the voltage gradient through the
soil profiles was usually not uniform; it was often much lower
than the voltage gradient applied across the electrodes. Saichek
(2002) illustrated that after about 100 d, the voltage gradient
from the ports adjacent to the cathode to the cathode region was
approximately DC 6.0 V/cm (DC 30 V per 5 cm); therefore the
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voltage gradient through the remainder of the soil, which was
the majority of the soil profile, was approximately DC 0.7 V/cm
(DC 10 V per 15 cm). According to the H-S equation, voltage
variations greatly impact the electroosmotic flow along the soil
profile.

The ports nearest the cathode usually experienced larger volt-
age fluctuations; this was attributed to the lower conductiv-
ity of the solution near the cathode, which resulted from the
pH change caused by the electrolysis reaction at the cathode.
Metallic cations typically become neutralized or precipitate as
hydroxide species and salt solubility may decrease under high
pH conditions. The lower conductivity of the solution near the
cathode most likely resulted in a greater influx of ions during
the down time because ions would tend to diffuse into the cath-
ode region owing to the concentration gradient. Hydrogen and
hydroxyl ions tend to have a higher mobility because they as-
sociate or dissociate with water molecules. Compared with the
rest of the soil profile, the cathode region resulted in a greater
increase in conductivity and, therefore, when the voltage was
reapplied, a larger drop in voltage occurred near the cathode
relative to the remainder of the soil profile. Apparently, regions
near the middle and toward the anode end of the soil profile
maintained a high and relatively stable conductivity during the
periodic voltage application because the voltage fluctuations
for the ports in those regions were smaller than the column of
ports nearest to the cathode.

After approximately 100 d, the NaOH solution caused the
voltage gradient through the homogeneous kaolin test to resem-
ble more closely a uniform voltage gradient of DC 2.0 V/cm,
so it seems that supplementing the pore solution with mobile
Na't and OH™ ions resulted in a more consistent electromi-
gration and conductivity through the soil specimen. In the test
with the kaolin layer overlying the sand layer, there was not
much difference between the voltage values in the top and bot-
tom halves of the soil chamber. This indicates that the voltage
values were largely a function of the properties of the pore solu-
tion (conductivity and pH), and the pore solution chemistry was
probably similar in both soils. Furthermore, the greater flow ve-
locity and fluid circulation that occurred in the electrokinetic
tests employing the higher hydraulic conductivity sand might
have produced greater ion solubilization and ion mixing, which
seem to delay the onset of a distinctive voltage pattern from
anode to cathode. Compared with the tests with large relatively
higher conductivity flow zones (the kaolin layer overlying the
sand layer and kaolin lens tests), the 10% kaolin and 90% sand
test had a lower electroosmotic flow and less flow circulation;
this allowed the voltage values to become distinctly arranged
and the voltage to drop near the cathode within a relatively short
amount of time.

Electroosmotic flow

The cumulative volume measured during the five experi-
ments is shown in Fig. 4. The sand test, which was conducted
under a low (0.05) hydraulic gradient alone, is shown for com-
parison purposes. For about the first day, the hydraulic gradient
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Fig. 4. Cumulative volume of surfactant solution measured during tests with different soil profiles.
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was applied to the homogeneous kaolin test, but no flow oc-
curred as a result of the low hydraulic conductivity of this soil.
However, Fig. 4 illustrates that after voltage was applied there
was a high rate of electroosmotic flow for approximately 10 d,
when the flow gradually reduced and eventually stopped. This
cessation of flow was apparently due to the depletion of mobile
ions, or it could be a result of the electrolysis reactions and the
effects of these reactions, such as the changes to the charge on
the particle surface (zeta potential) and the development of a
low-conductivity region near the cathode.

Other investigators, such as Eykholt (1992), Dzenitis (1997),
and Hsu (1997), have found that nonuniform and nonlinear elec-
tric potentials commonly occur through the soil, and it seems
that when the process is unaltered by the addition of chem-
ical agents to the anode or cathode compartments an abrupt
voltage drop typically occurs near the cathode. Eykholt (1992)
found that adding an acid solution to the cathode compartment
caused the conductivity of the pore solution to increase in the
cathode region and the voltage drop became less steep. Eykholt
(1992) also determined that the voltage drop was larger in re-
gions where the pH was high and the quantity of free sodium
and aluminum metals was low.

Dzenitis (1997) indicated that the relative conductivity along
the soil profile is important and the soil profile from the anode
to a region near the cathode has a conductivity that is relatively
higher than the small region adjacent to the cathode. More-
over, Dzenitis (1997) estimated that the low conductivity and
high electrical gradient near the cathode produced the greatest
contribution to the electroosmotic flow. As mentioned earlier,
the steep voltage gradient occurring near the cathode indicates a
higher flow in that region. Dzenitis (1997) implied that this rela-
tively small low-conductivity region near the cathode pulled the
solution from the other regions, and this might cause the gener-

ation of low pore pressures. Moreover, these low pore pressures
may consolidate clay soils and clog pore spaces, thereby reduc-
ing the electroosmotic flow (Eykholt 1997). Dzenitis (1997)
also suggested that the combined low conductivity and high
electrical gradient in the region near the cathode could even-
tually weaken electroosmotic flow because the double-layer
thickness becomes greater and there are fewer mobile ions to
generate flow through this region.

The high-conductivity solution near the anode could be a re-
sult of the low pH conditions, which may cause greater mineral
dissolution (Carrol-Webb and Walther 1988) and may allow
many metals to become more soluble. Incidentally, this is the
reason why electrokinetics is commonly used to “acid wash”
metallic contaminants from the soil (Acar et al. 1995; Reddy
and Parupudi 1997; Reddy et al. 1997). Conversely, near the
cathode, the H ions may react with the OH™ ions generated
by electrolysis to form water, so the pore solution adjacent to the
cathode may have a lower conductivity. Furthermore, because
the H' ion has a high mobility that is about twice the ionic
mobility of the OH™ ion (Acar et al. 1995) and the electromi-
gration of the OH™ ion opposes the direction of electroosmotic
flow, it is reasonable for the reaction to occur near the cathode.

Shapiro and Probstein (1993) found that when a pH control
solution was added to the anode solution, a higher and more
sustained electroosmotic flow was generated, and many other
investigators such as Dzenitis (1997) and Schultz (1997) have
verified this phenomenon. However, an excessively high cur-
rent might result if the pH control solution is added at the start
of the test when there is high conductivity due to the initial dis-
solution of salts that are associated with the dry soil particles.
Consequently, for the present investigation it was decided to
add the NaOH solution to control the pH at the anode in the ho-
mogeneous kaolin test after the current had subsided. It should
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be noted that high current values could cause damaging effects
to the process, such as soil heating and desiccation.

As shown in Fig. 4, about 30 d after the start of the ho-
mogeneous kaolin test, the amount of electroosmotic flow was
negligible. Therefore, the anode compartment was filled with
fresh surfactant solution combined with a 0.01 mol/L NaOH
solution to increase the pH at the anode. This was then repeated
afew times when the anode solution became acidic owing to the
electrolysis reaction, but the flow was still negligible. Conse-
quently, after approximately 90 d, the anode compartment was
filled with a fresh surfactant solution combined with a more
concentrated 0.1 mol/L. NaOH solution. With this more concen-
trated pH control solution, the current increased substantially at
approximately the 120-d elapsed time increment (Fig. 4). Over
the duration of the kaolin test, the flow rate was low compared
with the other tests, but this test demonstrated that the use of a
pH control solution could revive the electroosmotic flow. Inci-
dentally, Hsu (1997) observed that when NaOH was added to
the anode reservoir, the sodium concentration greatly increased
near the cathode. It appears that the Na* ions may slightly in-
crease the pore solution conductivity near the cathode and the
formation of water near the anode may lower the conductivity
in the remainder of the soil profile, which helps to explain the
more even voltage gradient that occurred across the soil at the
later stages of the kaolin test.

Figure 4 shows that the flow through the top kaolin with
bottom sand test was high during the period of time prior to
the application of the voltage gradient, but it was gradually de-
creasing over time; this may have been because of the viscosity
or other properties of the surfactant. Allred and Brown (1995)
found similar reductions in hydraulic conductivity when using
nonionic surfactants; this is another reason why enhancing the
in situ flushing process with electrokinetics could be advanta-
geous for increasing the flow. Because the flow reduction was
not observed in the homogeneous sand test, it appears that the
presence of kaolin may have been partially responsible for de-
creasing the flow. As observed in Fig. 4, the top kaolin with
bottom sand test experienced a slight rise in the flow when
the voltage was applied after approximately 14 d, and then the
flow followed a step-like pattern that correlated to the periodic
voltage application. The horizontal steps in the figure indicate
that when the voltage was not applied during the down time,
the flow due to the low hydraulic gradient became negligible
compared with the electroosmotic flow. Nevertheless, it appears
that because of the greater hydraulic conductivity of the sand
layer, the top kaolin with bottom sand test had a substantially
higher long-term electroosmotic flow rate than the homoge-
neous kaolin test, and over the duration of this layered test, the
flow rate was approximately three times the amount measured
in the homogeneous kaolin test.

The flow rate of the kaolin lens test was about one fifth of
the flow rate of the homogeneous sand test, but it was substan-
tially higher than the test with the kaolin layer overlying the
sand layer profile (Fig. 4). As discussed earlier, the voltage was
not applied until the test had been operating for approximately
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21 d; Fig. 4 shows that the flow rate for the kaolin lens test no-
ticeably increased at this elapsed time increment. In addition, in
the kaolin lens test, similar to the top kaolin with bottom sand
test, it can be observed that even before the voltage was applied,
the flow produced by the hydraulic gradient was gradually re-
ducing, and as mentioned before, this was probably caused by
the surfactant solution and viscosity effects.

Typically, the hydraulic flow through well-graded soils is
lower than through poorly graded soils because, when different
size soil particles are placed together, the smaller particles fill
or clog the gaps in the larger-sized particles, creating a tortuous
flow path due to the tighter network with less open pore space
(Mitchell 1993). Therefore, during the 10 % kaolin and 90%
sand test, the kaolin particles filled in the pore spaces in the
sand particles, and the effect was that the flow was substantially
reduced through the soil profile. As observed in Fig. 4, the 10%
kaolin and 90% sand test had the lowest flow of any of the
heterogeneous tests, and the average flow rate of about 26 mL/d
was only marginally better than that of the homogeneous kaolin
test. At the start of the test, the flow due to the hydraulic gradient
alone was extremely low, and the voltage was applied after
approximately 9 d. Thus, after this time, a rise in the flow was
observed; however, as the initial current slightly reduced to
lower long-term values (Fig. 3), the flow rate also diminished.

Soil pH

Figure 5 shows the pH values that were measured in the soil
sections after they were exhumed. Figure 5a illustrates that the
pH in the homogeneous kaolin test was mostly acidic across
the soil from anode to cathode, and this is attributed to the elec-
trolysis reaction at the anode and the subsequent movement of
H™ ions toward the cathode by electromigration and electroos-
mosis. The soil section at the bottom of the apparatus nearest
the cathode was an anomaly that had a pH that was substan-
tially higher than the other soil sections, which may have been
the result of the introduction of NaOH and the concentration
of Na* ions near the cathode. Perhaps this anomaly occurred
at the bottom of the apparatus because of the variation in the
electroosmotic flow and pore pressure through the soil profile.
It is important to note that the pH values in the soil profile
were generally lower than the ZPC of kaolinite, which is esti-
mated to be near 4.5 (Evangelou 1998), but the zeta potential
may be a function of other factors, such as the ionic species
that are present as well as the ionic strength of the pore solu-
tion. In addition, Lambe and Whitman (1969) reported that low
pH conditions cause clay particles to flocculate and produce
a more open structure, so this may have allowed greater flow
movement through the low pH zone. As Dzenitis (1997) sug-
gested, the soil regions, such as the one nearest the bottom of
the reactor adjacent to the cathode, where the pH was higher
and the zeta potential was probably more negative, could be
largely responsible for pulling the electroosmotic flow toward
the cathode.

All the other electrokinetic tests shown in Fig. 5 also had
acidic solution through the soil profile from anode to cathode
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Fig. 5. Measured soil pH after electrokinetic testing with different soil profiles: (a) kaolin, (b) top kaolin, bottom sand, (c¢) kaolin lens,

and (d) 10% kaolin and 90% sand.
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due to the electrolysis reaction at the anode and the movement
of H™ ions toward the cathode. The uniform pH through these
tests supports the hypothesis suggested earlier that the prop-
erties of the pore solution were similar in the kaolin and sand
soils. Moreover, the low pH observed in these experiments in-
dicates that the electroosmotic flow might have been improved
by adding a pH control solution. The pH values in the kaolin
lens test were slightly higher than the pH values measured in
the top kaolin with bottom sand test or the 10% kaolin and
90% sand test, which was probably a result of the higher flow
rate and (or) the different flow circulation patterns that existed.
As mentioned previously, generally, when the flushing solution
moves through the soil profile at a high flow rate, there will be
less time for the H™ ions to concentrate in the anode reservoir,
so there may be less pH reduction through the soil. However,
the top kaolin with bottom sand test had a higher flow rate than
the 10% kaolin with 90% sand test (Fig. 4), and the pH values
were slightly lower than in the 10% kaolin with 90% sand test.
This might have been a result of the higher electrical current in
the top kaolin with bottom sand test (Fig. 3), which could have
corresponded to an increase of the electrolysis reaction rate at
the anode and increased H™ ion production.

(b) Top kaolin: bottom sand
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Phenanthrene removal

Figure 6 shows the percent mass removal (cumulative mass
removed normalized by the initial mass) with time, respectively,
for the five tests. A high flow rate and high contaminant removal
were achieved in the homogeneous sand test using hydraulic
flushing alone; these results are shown again in Fig. 6 for com-
parison purposes. About 75% of the phenanthrene was removed
during the homogeneous kaolin test. A large amount of elec-
troosmotic flow occurred in the homogeneous kaolin test during
the early stages of testing when the current was high (Figs. 3 and
4), butitis obvious from Fig. 6 that this initial effluent contained
a negligible amount of phenanthrene. This is probably because
the water used to establish the original soil water content was
being flushed out during this early time interval, and the reaction
kinetics between the soil-surfactant—contaminant was not facil-
itating adequate phenanthrene solubilization. The phenanthrene
did not break through in the homogeneous kaolin test until ap-
proximately 120 d, when the NaOH solution reestablished the
electroosmotic flow (Fig. 6). Apparently, phenanthrene solubi-
lization was possible because of the presence of the surfactant
solution as well as the additional reaction time provided by the
periodic voltage application. Previous 1-D experiments demon-
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Fig. 6. Cumulative mass of phenanthrene removed in tests with different soil profiles.
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strated that the periodic voltage application and the high-voltage
gradient were critical factors for generating phenanthrene re-
moval from kaolin (Saichek 2002). This quasi-2-D homoge-
neous kaolin test verifies that substantial PAH removal from
highly argillaceous soils can be accomplished by using elec-
trokinetically enhanced in situ flushing with a surfactant.

Figure 6 illustrates that about 63% of the phenanthrene was
removed from the top kaolin with the bottom sand test. This test
resulted in a lower percentage of contaminant removal than the
homogeneous kaolin test, which emphasizes that soil-layer het-
erogeneities might cause detrimental effects. The solution pri-
marily flowed through the greater hydraulic conductivity sand
layer, and it seems the contamination from the kaolin layer was
released at a much slower rate. This behavior was evidenced
by the detection of higher than initial phenanthrene concentra-
tions in some of the residual kaolin soil samples, particularly
the top three kaolin regions as well as a very high concentration
in the center kaolin section. No phenanthrene was detected in
the residual soil samples of the lower sand layer or in the kaolin
regions to the right or left of the central kaolin section, so it is
likely that the induced electroosmotic flow largely contributed
to the migration and removal of phenanthrene from the kaolin
layer.

The percent mass removal from the top kaolin with bottom
sand test was approximately 38% after 14 d of testing using
only hydraulic flow, suggesting that phenanthrene was being
removed from the lower sand layer. When the hydraulic flow
began to subside and the voltage gradient was applied, contam-
inant removal was enhanced by an additional 25%, probably
from the kaolin layer. In addition, further improvement might
have been possible if electrokinetic enhancement was applied
for a longer duration or if a pH control was used along with the
surfactant flushing solution. This experiment suggests that elec-

trokinetic enhancement may substantially improve contaminant
removal from heterogeneous subsurface environments contain-
ing low hydraulic conductivity soil layers.

As observed in Fig. 6, a large amount of phenanthrene was
removed during the kaolin lens test, and since the results were
similar to the homogeneous sand experiment, it is evident that
most of the contaminant mass was removed by simply flushing
the soil profile with the surfactant solution under a hydraulic
gradient alone. However, a close comparison of the results of
the kaolin lens test with the homogeneous sand test reveals that
the homogeneous sand test had contaminant concentrations that
gradually reduced near the end of the experiment as less and
less phenanthrene mass remained, whereas the kaolin lens test
results show a sharp bend or upward shift that corresponds to
the time of voltage application. This incongruity indicates that
phenanthrene removal was probably enhanced by the voltage
application. Furthermore, the sand was most likely remediated
under the hydraulic gradient, as observed in the homogeneous
sand test, so the additional phenanthrene mass that was removed
was probably from the contaminated kaolin lens region. The
phenanthrene concentration in the residual soil samples helped
to confirm this hypothesis because the contaminant was not de-
tected in any of the sand regions and phenanthrene was detected
in the kaolin lens region, but at a much lower concentration
than the initial concentration. This implies that although the re-
mediation of heterogeneous soil profiles containing inclusions
of soil of low hydraulic conductivity is difficult, electrokineti-
cally enhancing the in situ flushing process was beneficial. The
percent mass removal for the homogeneous sand test and the
kaolin lens test exceeded 100% (Fig. 6), which was most likely
caused by an underestimation of the initial phenanthrene con-
centration in the sand. During the extraction process for initial
contaminant concentration, there was probably greater contam-

© 2005 NRC Canada



338

inant volatilization from the sand because the phenanthrene was
weakly adsorbed to this soil.

As shown in Fig. 6, roughly 90% of the phenanthrene mass
was removed from the 10% kaolin and 90% sand test. More-
over, phenanthrene was not detected in any of the residual soil
samples. Therefore, it is evident that this test was highly suc-
cessful, and it demonstrates that the electrokinetically enhanced
in situ flushing process can be very promising for heterogeneous
soil profiles containing well-graded, low-permeability soil mix-
tures.

Conclusions
The main conclusions drawn from this study were as follows:

(1) For the homogeneous sand test, adequate flow was gen-
erated by the hydraulic gradient alone and electrokinetic
enhancement was not required. Moreover, evidently the
phenanthrene was weakly adsorbed to the sand particles
because the hydraulic flushing of surfactant accomplished
rapid removal of the contaminant from the homogeneous
sand test. Conversely, because of the low hydraulic conduc-
tivity of kaolin, the same hydraulic gradient used in the ho-
mogeneous sand test did not generate any flow through the
homogeneous kaolin test, and the flow through the kaolin
was attributed to electroosmosis. Furthermore, the contam-
inant was difficult to remove from the kaolin soil because
there may have been greater sorption or the contaminant
was more easily trapped within the smaller clay particles,
which have a much larger surface area.

(2) In the homogeneous kaolin test, a pH control solution
(NaOH) was added to the surfactant flushing solution, and
this resulted in the movement of Nat ions toward the
cathode due to electromigration and electroosmosis. The
physico-chemical changes that occurred were responsi-
ble for substantially increasing the current and inducing
a sustained electroosmotic flow. The pH control solution
along with the periodic voltage application and the high
DC 2.0 V/cm voltage gradient resulted in a contaminant re-
moval efficiency of about 75% for the homogeneous kaolin
test.

(3) All the electrokinetic tests had a voltage gradient through
most of the soil that was less than the uniform voltage gra-
dient based on the voltage applied to the electrodes. This is
important because the contaminant transport mechanisms,
such as electromigration and electroosmosis, largely de-
pend on the voltage gradient. For the heterogeneous pro-
files, the electrical current was higher when a greater per-
centage of kaolin was used; this was attributed to the disso-
Iution of salts and minerals associated with the negatively
charged clay particles.

(4) In the electrokinetic tests, a region of low-conductivity so-
lution formed near the cathode; this region was probably
produced by the electrolysis reaction at the cathode, which
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generates OH™ ions that may reduce cation mobility or
neutralize cations by the formation of hydroxide species.
This low-conductivity region might have contributed to
weakening the electroosmotic flow because the voltage gra-
dient increased near the cathode, where the double layer
may be larger and there are less mobile ions. In addition, as
aresult of the electrolysis reaction at the anode and the mi-
gration of H ions toward the cathode, low pH conditions
existed in all the electrokinetic tests; this was detrimental
for inducing flow toward the cathode.

(5) The heterogeneous soil profiles were difficult to remediate
using surfactant flushing alone because the flushing solu-
tion prefers to travel along flow paths with greater hydraulic
conductivity. Consequently, the contaminant remains in
zones of low permeability. The hydraulic flow through 10%
kaolin and 90% sand mixture was substantially lower than
that of the other heterogeneous tests because, when the
different-sized soil particles were used together, the smaller
particles filled or clogged the open gaps in the larger-sized
particles, thereby forming a tighter network with less pore
space and lower permeability. In general, the application of
electric potential improved the flow through all the hetero-
geneous electrokinetic tests, which was clearly observed
as a rise in the cumulative electroosmotic flow at the time
of voltage application. The improvement was particularly
beneficial for the soil profiles with the kaolin layer over-
lying the sand layer and the 10% kaolin and 90% sand
mixture.

Overall, the results of this laboratory investigation indicate
that the electrokinetically enhanced flushing process can im-
prove the mass removal of phenanthrene from heterogeneous
soil profiles containing layers, lenses, or mixtures of high and
low hydraulic conductivity soils.
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